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This thesis aims to evaluate the capabilities of MARS spectral photon
counting computed tomography for diagnosis and follow-up of bone and
soft tissue changes. The imaging modality provides material-specific maps
with high spatial resolution and reduces the beam hardening effect. Based
on these attributes, we hypothesized that we could track bone changes,
differentiate newly formed bone based on treatment, and differentiate soft
tissue in the presence of beam hardening.
Prior to using the scanner for a clinical purpose, its accuracy and how dif-
ferent parameters affect the image quality need to be evaluated. A monthly
assessment of the image quality parameters was performed to evaluate the
scanner’s reliability and stability. Various parameters including translation
of the camera, bias voltage, and voxel size were assessed for their effect
on the image quality. The results showed a consistent outcome for spatial
resolution, signal-to-noise ratio, and material identification across monthly
scans. Furthermore, across all MARS scanners, the spectral response of the
specific material exhibited the same spectral trend. In addition, it has been
shown that when the bias voltage increases to 800 keV or when the camera
translation increases so the gap between chips is covered, the material iden-
tification will increase. During the assessment of the images, it was found
that all MARS scanners have the ring artefact, and it is more pronounced
when larger FOVs are used when the detectors are defective, or when the
gap between the chips is not accounted for by the camera translation and
alignment.
SPPCT allows you to use smaller isotropic voxels in reconstruction which
results in a large volume of images to analyse. Analysing bone tissue fea-
tures will therefore be time-consuming and subject to user error in the
case of manual segmentation. To efficiently measure bone features, a semi-
automatic method needed to be devised. The active contour method and
weka-segmentation tool embedded in ImageJ were used to semi-automatically
segment bone compartments. Results from both developed methods and
manual measurements showed good correlations for all the bone parameters.
The possibility of tracking bone changes using this imaging modality was
assessed by two studies. In the first study, bones were decalcified to track
calcium loss. Results acquired from MARS were compared with atomic
absorption spectroscopy. We found that both methods showed similar pat-
terns of calcium loss during the process. In the second study, after surgically
inducing bilateral damage to sheep tibiae, bone healing was monitored using
plain radiographs, iDXA, clinical single- and dual-energy CT, and MARS
SPCCT. The results of this study showed that MARS SPCCT can visualise
bone healing and quantify bone mineral density and content in the damaged
areas. MARS SPCCT was also used to visualize and quantify strontium as a
biomarker for new bone formation. The results demonstrated that MARS
SPCCT can distinguish strontium from calcium at higher concentrations
(strontium greater than 8 mg/ml and calcium greater than 50 mg/cm3).
These results were verified with Laser ablation inductively coupled plasma
mass spectrometry.
Additionally, bone-induced beam hardening on the brain was evaluated.
Clinical single- and dual-energy CT images were compared with MARS
SPCCT images. As a result, the effect of beam hardening using SPCCT
was lesser than that of the clinical CT. Comparing MARS SPCCT with
clinical CT operated in single and dual-energy modes, the grey-white mat-
ter contrast was higher in the presence of subdural grid electrodes and skull.
In conclusion, this thesis demonstrated the potential of SPCCT to investi-
gate the changes of bone tissue mineral density and structure, as well as to
assess soft tissue differentiation in the presence of beam hardening.
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Scientific contributions
Spectral photon-counting CT (SPCCT) is an advanced technology in the field of the
medical imaging. The goal of this thesis was to conduct the series of researches to
demonstrate the potential use of the SPCCT in the medical imaging field.
The contribution to the academia and the team achievements are listed in the follow-
ing awards, conferences and publications in this section. My research was, directly and
indirectly, a contribution to the ultimate goal of the team by having a goal to develop
better diagnostic imaging technique. The MARS Collaboration indicates my collabo-
ration in helping the operator in assessing the calibration of the scanner by performing
pixel masking prior to data acquisition, assuring the reliability of the performance of
the scanner, mentoring the operators in terms of data acquisition and assisting them
with the data analysis. The overall area of my contribution was, in bone health re-
search (leading to the first human imaging with the MARS SPCCT scanner), quality
control of the systems, analysing the data to assist with the development of the system,
testing in-house programs to improve the quality of the acquired information, assisting
the students in performing and conducting the scan, development of the new analysis
tool to decrease the time of the analysis of the bone dataset,and brain research.
Peer reviewed Publications/Conference Proceedings
1. Maya Rajeswari Amma, Anthony P. H. Butler, Aamir Y. Raja, Benjamin Bam-
ford, Philip Butler, Aysouda Matanaghi, et al. Assessment of metal implant
induced artefacts using photon counting spectral CT, Proc. SPIE 11113, Develop-
ments in X-Ray Tomography XII, 111131D (September 2019); doi: 10.1117/12.2
531003 (Conference Proceedings). This paper investigates the possibility of the
MARS SPCCT system to accurately identify and quantify the bone equivalents
in the vicinity of the implant. I contributed to the analysing and the development
of the tool for measuring the bone properties.
2. Butler, Philip H and Adebileje, Sikiru A and Alexander, Steven D and Amma,
Maya R and Amjomrouz, Marzieh and Asghariomabad, Fatemeh and Atharifard,
vii
Ali and Atlas, James and Bamford, Benjamin and Bell, Stephen T. MARS Col-
laboration [includes Aysouda Matanaghi ]. MARS preclinical imaging: the
benefits of small pixels and good energy data.Developments in X-Ray Tomogra-
phy XII, 11113, 111130C, International Society for Optics and Photonics, 2019
(Conference proceedings). This paper indicates the application of MARS SPCCT
in the preclinical imaging. High resolution images along with material informa-
tion could help clinicians to diagnose the disease and monitor the treatment. My
contribution was the initial analysis of the acquired data.
3. Panta, Raj Kumar , Butler, Anthony , Butler, Philip , Ruiter, Niels Bell, Stephen
, Walsh, Michael , Doesburg, Robert , Chernoglazov, Alexander , Goulter,et al
[includes Aysouda Matanaghi ]. (2018). First human imaging with MARS
photon-counting CT. 1-7. 10.1109/NSSMIC.2018.8824513. Pre-clinical research
of MARS SPCCT showed promising results in terms of assessing cancer, bone
health and cardio-vascular disease. The paper shows the clinical translation of
the MARS SPCCT technology. My research on evaluating the bone health using
small-bore MARS scanner helped us to translate the pre-clinical knowledge into
clinical level using MARS SPCCT.
4. Marfo, E., Anderson, N. G., Butler, A. P., Schleich, N., Carbonez, P., Damet, J.,
Lowe, C.et al [includes Aysouda Matanaghi ](2020). Assessment of material
identification errors, image quality and radiation doses using small animal spec-
tral photon-counting CT. IEEE Transactions on Radiation and Plasma Medical
Sciences. This paper investigates the effect of the radition dose on the image
quality and material identification. Exposing the patient to less dose of X-ray is
a crucial factor in imaging; however, the image quality and information acquired
from imaging modality should be accurate. So, the trade-off between radition
dose and image quality should be assessed. I contribute to the final analysis of
the data.
5. Searle, Emily K., MARS collaboration [includes Aysouda Matanaghi ]. Dis-
tinguishing Iron and Calcium using MARS Spectral CT. IEEE Nuclear Science
Symposium and Medical Imaging Conference Proceedings (NSS/MIC). IEEE,
2018. This article studies the quantification and identification of inflammatory
component of plaques using MARS SPCCT. Arteriosclerosis is a silent disease
which can be life threatening, so the identification of the inflammatory response
is of great importance. I performed the pixel masking prior to scan and check
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the reliability of the scanner.
6. Lowe, Chiara D., MARS collaboration [includes Aysouda Matanaghi ]. MARS
pulmonary spectral molecular imaging: potential for locating tuberculosis in-
volvement. IEEE Nuclear Science Symposium and Medical Imaging Conference
Proceedings (NSS/MIC). IEEE, 2018. The aim of this study was to identify the
healthy and tuberculosis (TB) pulmonary using MARS SPCCT. The effective
treatment and control of this disease relies on early diagnosis. I contributed to
this study by performing the QC test to ensure the reliable outcome.
7. Moghiseh, Mahdieh, MARS collaboration [includes Aysouda Matanaghi ].
Cancer Imaging with Nanoparticles Using MARS Spectral Scanner. IEEE Nu-
clear Science Symposium and Medical Imaging Conference Proceedings (NSS/MIC).
IEEE, 2018. This research investigates the capability of MARS SPCCT to char-
acterise the tumor and monitor drug delivery. Non-invasive detection of cancer
in early stage has a crucial role to control cancer. Ensuring the reproducibil-
ity of results was an important step in this study. I was involved to assess the
performance of the scanner routinely.
8. Fatemeh Asghariomabad MARS collaboration. [includesAysouda Matanaghi].
Intrinsic respiratory gating for MARS imaging, IEEE Nuclear Science Symposium
and Medical Imaging Conference, Sydney, Australia, November 2018. This study
aims to reduce the motion artefact in the reconstructed images. Motion arte-
fact could reduce the image quality and limit the information which clinician can
achieve. I contribute to this study by calibrating the scanner prior to scanning
process.
9. Anthony Butler, MARS collaboration. [includes Aysouda Matanaghi] First
living human images from a MARS photon-counting 8-energy CT, IEEE Nuclear
Science Symposium and Medical Imaging Conference, Sydney, Australia, Novem-
ber 2018. The aim of this study was to demonstrate the capability of MARS
SPCCT to provide clinically informative bone related images. The material in-
formation along with structural features of bone helps us to diagnose bone disease.
My research on the evaluation of bone changes in pre-clinical stage helped us to
translate the information into human imaging using large-bore MARS scanner.
Under prepartion
ix
1. Aysouda Matanaghi, MARS collaboration. Monitoring of the bone healing
and treatment using MARS SPCCT. This paper demonstrates the capability of
the MARS SPCCT to monitor the bone healing process and quantify the bone
changes during the treatment. I contributed to scanning of the samples, protocol
improvement, and quantitative and qualitative evaluation of bone healing.
2. Aysouda Matanaghi, MARS collaboration. Quantitative assessment of the
Grey-White matter differentiation using MARS SPCCT This paper demonstrates
the potential usage of the MARS SPCCT in the brain researches which evolves
the Grey-White matter differentiation. I contribute to the improvement of the
protocol, data acquisition, data analysis.
Book Chapters
1. Kumar, P., Singh, B., Chaudhari, P., Jose, J., Butler, A., Prebble, H., Moghiseh,
M., the MARS Collaboration [includes Aysouda Matanaghi]. (2019). Pre-
clinical non-invasive imaging in cancer research and drug discovery: An overview.
In K. Bose P. Chaudhari (Eds.), Unravelling cancer signaling pathways: A
multidisciplinary approach. (pp. 419-469). Singapore: Springer Nature, doi:
10.1007/978-981- 32-9816-3-17. The aim of this chapter is to show the potential
usage of MARS SPCCT to characterise and quantify the multiple biomarkers in
cancer imaging. Developing tools that provide not only anatomical information
such as the size and location of a tumour but also provide specific quantitative
information about the cancer is crucial step in the management of this disease.
My contribution to this work was to calibrate the scanner to ensure the reliability
of the detection of contrast agents which were used in this cancer research.
2. Raja, A., the MARS collaboration [includes Aysouda Matanaghi], In Ken
Taguchi, Ira Blevis, and Kris Iniewski (Eds.),Spectral CT imaging using MARS
scanners. Spectral computed tomography: technology and applications. ISBN
978-1-138-59812-6. Publication scheduled for April, 2020 by CRC Press. The
aim of this chapter was to demonstrate the various application of MARS spectral
photon-counting scanner. This imaging modality offers highly specific 3D mate-
rial imaging at high spatial and energy resolution. I contributed to this work by
conducting a research in bone imaging using this novel imaging technique.
Published abstracts
x
1. Aysouda Matanaghi, Aamir Raja, Celeste Leary, Maya Rajeswari Amma,
Raj Panta, Marzieh Anjomrouz, Mahdieh Moghiseh, Anthony Butler, Benjamin
Bamford, and MARS Collaboration. Semi-automatic quantitative assessment of
site-specific bone health using spectral photon counting CT. Journal of Nuclear
Medicine 60, no. supplement 1 (2019): 1297-1297. The aim of this study was
to develop a semi-automatic approach to measure the bone tissues properties.
The manual measurements could introduce variability and uncertainty and can
be time consuming; therefore, the development of tool to assess the dataset with
less operative interaction is crucial. I developed the new approach to measure
bone tissues properties semi-automatically.
2. Aysouda Matanaghi, Celeste Leary, Maya Rajeswari Amma, Peter Walker,
Jennifer Clark, Nigel gilchrist, Aamir Younis Raja, Jonathan Crighton, Anthony
Butler. 3D calcium maps of bone mineral density using spectral photon-counting
CT. Accepted for publication to European Society of Radiology (ECR), Vienna,
Austria, 2020. The aim of this study was to demonstrate the capability of MARS
SPCCT to track the bone changes. Osteoprosis is a disease which envolved the
changes within bone tissues, so the early diagnosis of this disease is important
to prevent the consequent fractures. I contributed to the designing of the exper-
iments, scanning, and analysing the dataset.
3. Aysouda Matanaghi, Aamir Younis Raja, Celeste Leary, Maya Rajeswari
Amma1, Raj Panta, Marzieh Anjomrouz, Mahdieh Moghiseh, Anthony Butler,
Benjamin Bamford1, Mars Collaboration. Assessment of Cortical and Trabec-
ular Compartments by developing customized segmentation for in vivo MARS
Spectral Photon Counting Computed Tomography. University of Otago Student
Research Symposium. Dunedin, New Zealand, August 2019. The aim of this
study was to design the new approach to segment the cortical and trabecular tis-
sues. The changes within each bone’s tissue could indicate different disease and
their stages; so the analysing each of them separately is necessary. I designed the
new approach segment the bone tissues and contributed to the analysing of the
dataset.
4. Aysouda Matanaghi, Aamir Younis Raja, Celeste Leary, Maya Rajeswari
Amma1, Raj Panta, Marzieh Anjomrouz, Mahdieh Moghiseh, Anthony But-
ler, Benjamin Bamford1, Mars Collaboration. Assessment of bone health us-
ing MARS spectral Computed tomography UOC Postgraduate Students Sym-
xi
posium.Christchurch, New Zealand, July 2019. The aim of this study was to
demonstrate the capability of MARS scanner to assess the bone health in pre-
clinical stage. This study encouraged us to develop the site-specific scanners to
evaluate bone health in clinic. I was involved in designing the experiment and
analysing the dataset.
5. Yann Sayous, Maya R Amma, Ilaria Bernabei, Anais Viry, Nathalie Busso, An-
thony Butler, Lisa Stamp, Fabio Becce, Aamir Y Raja, and the MARS Collabora-
tion [includes Aysouda Matanaghi ]. Quantification of various calcium crystals
for gout, pseudogout and other arthropathies using spectral photon-counting CT.
Accepted for publication to European Society of Radiology (ECR), Vienna, Aus-
tria, 2020. The aim of this study was to demonstrate the application of MARS
to differentiate and quantify different calcium crystals. Different crystal arthritis
could demonstrate indistinguishable signs in clinical imaging, therefore the treat-
ment plan faces difficulties. The differentiation between different calcium crystals
can help us to make treatment plan based on their nature. I contributed to this
work by applying pixel masking prior to scan and calibrating the scanner.
6. Shishir Dahal, Emily Searle, Steven Gieseg, Aamir Y Raja, Anthony Butler,
and the MARS collaboration [includes Aysouda Matanaghi ]. Histology of
atherosclerotic plaque compared with tissue components measured using a spec-
tral photon-counting CT. Accepted for publication to European Society of Radi-
ology (ECR), Vienna, Austria, 2020. The aim of this study was to o distinguish
components of vulnerable atherosclerotic plaque using MARS and validating im-
ages with histology. acute cardiac events occur in the context of plaque-related
thrombus formation, so the detection of this disease in early stages could prevent
mortality. My contribution was to assess the scanner’s performance in terms of
its reliability and reproducibility.
7. Vanden Broeke, Lieza and the MARS collaboration [includes Aysouda Matanaghi
]: Calibrating MARS Cameras using X-ray Fluorescence. Proceedings of the
20th International Workshop on Radiation Imaging Detectors, Sundsvall, Swe-
den, June 2018. The aim of this study was to characterise the energy response of
multi detector camera by developing X-ray fluorescence method. This will help
us to improve the quality of 2d spectroscopic data and material information. I
contributed to this work by evaluating the scanner’s performance.
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8. Raja, A and the MARS collaboration [includes Aysouda Matanaghi ]: Spec-
tral CT imaging using CZT Medipix3RX. Proceedings of the 20th International
Workshop on Radiation Imaging Detectors, Sundsvall, Sweden, June 2018. This
study investigates the clinical application of Medipix3Rx detectors in charge sum-
ming mode. Detecting of the disease in early stages can be driven from the struc-
tural and material information; MARS SPCCT provides material information
along with anatomical features. I contributed to this work by showing the capa-
bility of the scanner to monitor the changes of bone structure and components.
9. Ali,A. and the MARS collaboration [includes Aysouda Matanaghi ]: Pulse
pile up models for spectral X-ray imaging. Proceedings of the 20th International
Workshop on Radiation Imaging Detectors, Sundsvall, Sweden, June 2018. The
aim of this research was to simulate the pileup effects on photon-counting detec-
tors. Pileup phenomenon could distort the measurements of photons’ energy and
lead to inaccurate results. Therefore, integrating the model into MARS recon-
struction algorithm can improve the spectral information. I contribute to this
work by performing routine QC test on the scanner and report any inconstancy
in terms of detector’s performance.
10. Chamber, C and the MARS collaboration [includes Aysouda Matanaghi ]:
Quantifying Phosphorous and calcium in fossils using MARS imaging. NZIP and
PHYSIKOS conference, Christchurch, April 2019.
11. Adebileje, S and the MARS collaboration [includes Aysouda Matanaghi ]:
Dictionary Learning to reduce dose in MARS datasets. NZIP and PHYSIKOS
conference, Christchurch, April 2019. The aim of this study was to improve the
image quality by applying dictionary learning approach. The faster acquisition
of the data to reduce the dose uptake is crucial factor in human imaging. The
outcome of this study showed that extracting the information from 720 projection
and applying on the 320 projection increased the SNR by negligible decrease in
the spatial resolution. I contributed to this by supplying the dataset.
12. Duncan, N and the MARS collaboration [includes Aysouda Matanaghi ]:
Imaging of geological samples using MARS scanner. NZIP and PHYSIKOS con-
ference, Christchurch, April 2019. The potential usage of the MARS to visualise
and characterise geological samples were investigated. The higher spatial res-
olution of MARS could be an alternative to the restrictive 2D alignment and
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geological composition data currently available to geologists. My contribution to
this work was assessing the performance of the scanner during QC tests.
13. Sreedharan, J and the MARS collaboration [includes Aysouda Matanaghi ]:
Improving the accuracy of MARS reconstruction algorithm. NZIP and PHYSIKOS
conference, Christchurch, April 2019. The aim of this research was to implement a
x-ray beam profile into MARS reconstruction algorithm. This model can provide
the information to the reconstruction algorithm which can improve the image
quality. Image quality plays an important role in terms of diagnosis features
and material information. I contributed to this work by supplying the scanned
dataset.
Accepted abstracts
1. Aysouda Matanaghi, E. Peter Walker, Aamir Y. Raja, Anthony P. H Butler,
Philip H Butler, David Palmer, MARS Collaboration. Visualising bone healing
in sheep fed strontium using spectral photon-counting CT. Royal Australian Col-
lege of Surgeons (RACS). Sydney, Australia, 2020. This research aims to track
the bone healing process using MARS SPCCT. The Royal Australasian College
of Surgeons is the leading advocate for surgical standards, professionalism and
surgical education in Australia and New Zealand. The ability of the scanner to
track the increased mineral density and formation of callus helps us to track the
treatment efficiency and fragility fractures during osteoporosis. I improved the
protocol, analysed the data and contributed to the planning of the experiment.
Presentations
Oral
1. Aysouda Matanaghi, and the MARS collaboration. 3D calcium maps of bone
mineral density using spectral photon-counting CT; European Society of Radiol-
ogy (ECR), Vienna, Austria, July 2020. The ECR is one of the largest medical
meetings in Europe and the second-largest radiological meeting in the world.
This presentation aimed to show the potential usage of MARS SPCCT to track
bone changes. The early detection of osteoporosis and the treatment effect helps
us to prevent fragility fractures. I contributed to designing of the experiments,
scanning, analysing.
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2. Aysouda Matanaghi, and the MARS collaboration. Brian imaging using spc-
tral photon counting CT; NZ MedTech Imaging showcase, Christchurch, New
Zealand, December 2020.The NZ MedTech Imaging Showcase hosted NZ com-
panies in the MedTech space, and major companies, such as MARS Bioimaging,
Volpara Health Technologies Ltd, ARANZ Medical and others attend to this
showcase. The aim of this study was to show the capability of MARS scanner
to differentiate the grey-white matter and assess the beam hardening effect cre-
ated by skull. I improved the acquisition protocol, designed the experiment and
analysed the dataset.
3. Aysouda Matanaghi, and the MARS collaboration. 3D calcium maps of bone
mineral density using spectral photon-counting CT; CERNMedipix collaboration
meeting, CERN, Switzerland, June 2020.The European Organization for Nuclear
Research, known as CERN, is a European research organization that operates
the largest particle physics laboratory in the world. I presented to Medipix
collaborators in the annual meeting in CERN virtually.
4. Aysouda Matanaghi, and MARS collaboration. Assessment of Bone Health
using MARS Spectral CT; the Postgraduate Symposium, University of Otago,
Christchurch, New Zealand, July 2019. All post grad students are encouraged
to participate in this event to share their research outcome. The aim of this
study was to demonstrate the capability of MARS scanner to extract the mineral
density and structural information of the bone. Simultaneous measurements of
bone feature can help us to diagnose bone related disease. I contributed to the
scanning process and analysing the dataset.
5. Aysouda Matanaghi, and MARS collaboration. Assessment of Bone Health
using MARS Spectral CT; 3 Minute Thesis competition held at the University of
Otago, Christchurch, New Zealand, July 2019. The 3 minute thesis competition
is held annually in Christchurch campus between the post grad students in the
campus.
6. Aysouda Matanaghi, and MARS collaboration. Assessment of Cortical and
Trabecular Compartments by developing customized segmentation for in vivo
MARS Spectral Photon Counting Computed Tomography; Te Wanaka Rakahau
- koka 2019, Dunedin, New Zealand, August 2019. The 2019 Student Research
Symposium was held with 150 presenters who shared their research with the wider
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academic community. The aim of this research was to propose a new methodology
to measure the properties of the bone tissues. The changes within each bone
compartments hold significant clinical value. I developed new methodology to
segment the bone tissues and contributed to the analysing of the dataset.
7. Aysouda Matanaghi, Protocol optimisation to differentiate the calcium-hy
droxyaptite and strontium; MARS weekly Meeting, Christchurch, New Zealand,
2018. This is internal team meeting which the progress on the research is pre-
sented within team. The aim of this research was to prove the capability of the
scanner to discriminate strontium and calcium. Strontium is used as a tracer for
new bone formation and in the treatment of osteoporosis; however, the differen-
tiation of these two materials is challenging. I improved the protocol to increase
the discrimination of these two materials. This research was the first step for the
the research in section 5.
Poster
1. Aysouda Matanaghi, Aamir Raja, Celeste Leary, Maya Rajeswari Amma,
Raj Panta, Marzieh Anjomrouz, Mahdieh Moghiseh, Anthony Butler, Benjamin
Bamford, and MARS Collaboration. Semi-automatic quantitative assessment of
site-specific bone health using spectral photon counting CT; Society of Nuclear
Medicine and Molecular Imaging (SNMMI), Anaheim, USA, 21st -22nd Jun 2019
(Poster1297). SNMMI’s Annual Meeting is nuclear medicine’s and molecular
imaging largest gathering each year, attracting over 5,000 professional attendees
and another 2,500 industry representatives.
2. Aysouda Matanaghi, Aamir Raja, Celeste Leary, Maya Rajeswari Amma,
Raj Panta, Marzieh Anjomrouz, Mahdieh Moghiseh, Anthony Butler, Benjamin
Bamford, and MARS Collaboration. Semi-automatic quantitative assessment of
site-specific bone health using spectral photon counting CT; the Postgraduate
Symposium, University of Otago, Christchurch, New Zealand, July 2019.
3. Aysouda Matanaghi, Aamir Raja, Celeste Leary, Maya Rajeswari Amma,
Raj Panta, Marzieh Anjomrouz, Mahdieh Moghiseh, Anthony Butler, Benjamin
Bamford, and MARS Collaboration. Semi-automatic quantitative assessment
of site-specific bone health using spectral photon counting CT; Bioengineering
showcase, University of Otago, Dunedin, New Zealand, November 2019. The
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broad inter-disciplinary Bioengineering network of researchers were attened to
this meeting.
4. Krishna M. Chapagain,Maya Rajeswari Amma, Anthony. Butler, Steven. Gieseg,
Jennifer.Clark, Theodorus Dapamede, James Atlas, Joseph Healy, Chiara lowey,
Aysouda Matanaghi, Raj Panta. Assessment lipid quantification with MARS;
Health Research SOCIETY of Canterbury (HRSC), Christchurch, New Zealand,
2020. The aim of this study was to show the capability of the MARS SPCCT to
quantify lipid concentration. This will help us to better assess osteoporosis and
fat bone relationship. I contributed to the analyses of the data and visualisation.
5. Fatemeh Asghariomabad, and the MARS collaboration [includes Aysouda Mat
anaghi ]. Intrinsic respiratory gating for MARS imaging. IEEE Nuclear Sci-
ence Symposium and Medical Imaging Conference, Sydney, Australia, November
2018. IEEE is the world’s largest technical professional organization dedicated
to advancing technology for the benefit of humanity.
6. Emily Searle, and the MARS collaboration [includes Aysouda Matanaghi ].
Distinguishing iron and calcium using MARS spectral CT, IEEE Nuclear Sci-
ence Symposium and Medical Imaging Conference, Sydney, Australia, November
2018. IEEE is the world’s largest technical professional organization dedicated
to advancing technology for the benefit of humanity.
7. Chiara Lowe, Ana Ortega and the MARS Collaboration [includes Aysouda
Matanaghi]. MARS pulmonary spectral molecular imaging: potential for lo-
cating tuberculosis involvement; 2018 IEEE Nuclear Science Symposium and
Medical Imaging Conference, Australia 11th-17th November 2018, Poster M-14-
168. IEEE is the world’s largest technical professional organization dedicated to
advancing technology for the benefit of humanity.
Scientific Collaborations
Local Collaboration
1. GE, Lincoln, Christchurch, New Zealand. I collaborated with Dr. Nadia Mitchell
and Dr. Samantha Murray to scan sheep samples to compare the potential of
MARS scanner in monitoring the bone healing with clinical single and dual energy
CT.
xvii
2. St.George’s Hospital, Christchurch, New Zealand. I collaborated with Ms. Jen-
nifer Clarke to validate the clinical applicability of MARS scanner in imaging
bone healing in the vicinity of the induced fracture.
3. Burwood Hospital, Christchurch, New Zealand. I collaborated with Ms. Deidre
Thompson to validate the quantification of the bone measurements acquired by
MARS SPCCT using iDXA technology.
International Collaboration
1. Oregon State University and Oregon Health and Science University, USA. I
worked with Celeste Leary, PhD student from this group in preprocessing, post-
processing and data analysis of the imaging of the nanoparticles.
2. University medical center,Department for Neurosurgery, Freiburg, Germany. The
subdural brain electrodes were obtained through this research collaboration. I
was involved in the imaging of these electrodes in the vicinity of the brain, data
analysis and optimisation of the protocol.
Student supervision
1. Celeste Leary was a PhD student from Oregon Health Science University, USA.
I worked with Celeste to conduct a study on the monitoring of the bone during
the decalcification process, we developed semi-automatic tool for the measure-
ments of the bone properties. I performed the analysis of the data acquired from
nanoparticle studies.
2. Charmi Patel was a bachelor student from the university of Canterbury. My work
with Charmi involved electrode imaging in the vicinity of the brain. I contributed
towards protocol design, data acquisition and analysis.
3. MacKenzie Grenier was a bachelor student from RPI university, USA. I worked
with MacKenzie to conduct a research to assess the effect of the keV setting in
the detection of the K-edge of the materials. I helped her to familiarise her self
with the scanning process and using of the in-house softwares.
4. Krishna Chapagain Fellow PhD student and MARS team member. I helped
Krishna in using the MARS scanner, collecting and analysing results.
Workshops
xviii
1. Instrumentation and Design, 2018, Auckland Bioengineering Institute (ABI),
Auckland, New Zealand.
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Linear attenuation Each material attenuates the X-ray based on its own specific
properties. The measured attenuation of the X-ray when passes
through the object is described by Beer Lambert’s law.
The linear attenuation coefficient is described as the fraction of
photons attenuated per unit thickness of the matter (1/cm).
Mass attenuation coefficient The density of the material divided by the linear attenuation
coefficient generates the mass attenuation described the unit cm2/g.
Hounsfield unit CT numbers are described in a standardised form. Linear
transformation of the attenuation coefficient based on pure
water and air generates Hounsfield units.
Basis Function The linear combination of each voxel’s attenuation at
specific energy threshold. MARS-MD algorithm uses this
function to decompose the energy images into material specific images.
K-edge The sudden increase of the x-ray absorption just
beyond the energy of the K-shell electrons of the absorbing atom.
Phantom In this study the phantom refers to the custom-made element
which is used to calibrate and test the MARS scanners. The
phantom consists of different materials with different densities.
The materials and densities are chosen based on the goal
of the study. Prior to the biological scan the phantom is designed.
The basis function can be driven from this phantom to decompose
the images acquired from the biological sample.
Slice Refers to the 2D images. Series of these 2D
images make up the 3D images of the scanned subject.
Pixel Refers to each element on x-ray detectors.
Voxel Refers to the 3D volume in the reconstructed images.
In-Vivo study A study done within living organism
Ex-vivo study A study done outside living organism
GE scanner(Discovery CT750HD) This is the CT system which is available in clinical level. This CT technology
can be operated both in conventional mode and GSI mode (dual energy mode). Dual
-energy imaging technique on this system operates using fast kVp switching technique.
MARS SPCCT This system is based on single microfocus tungsten targeted X-ray source (Source-Ray Inc,
Ronkonkoma, NY) with the effective focal spot size of 50 um with intrinsic filtration
equivalent to 1.8 mm aluminium filtration. The camera is made of N Medipix3RX chips
developed by European Organization for Nuclear Research (CERN) and semiconductors
that together make a camera array of N by one. In this study cadmium zinc telluride
(CZT) was used as semi-conducting sensor layer. The physical size of each chip’s sensitive
area is 14 mm by 14 mm and the thickness of semiconductors are 2 mm. This camera is
operating in the pixel pitch 110 micron (each chip has 128 by 128 pixels, adding up to
16,384 pixels). The pixels of these detectors can be operated both in CSM and SPM.
When the incident photon impinges the detector exactly in the borders of different
pixels, the pixels within SPM could result in charge sharing recording false photons.
To mitigate this problem, the developers of Medipix3RX technology offer charge summing
mechanism that uses analog summing circuits and coincidence detection of photons using
charge summing algorithms Doesburg et al. (2012); Koenig et al. (2013).
These attributes can enhance the contrast and energy resolution of the imaging system.




1.1 Aim and research questions
The purpose of this thesis is to demonstrate the bone-related applications of spectral
photon counting computed tomography (SPCCT) to assess bone properties and beam
hardening effect created by bone on brain imaging. The long term goal is to transform
the results of medical research into a better healthcare product to revolutionize diag-
nostic medical imaging.
The research in this thesis is categorised into two parts: the study of bone health to
track the changes within bone tissue, and the study of grey and white matter differenti-
ation affected by the skull in the brain. The study of bone health included assessing the
effect of different parameters on the measurements of bone properties (mineral density
and structures), monitoring changes within bone during the healing and decalcifying
process, and monitoring the effect of strontium ranelate on newly formed bone. The
study of bone tissue properties using SPCCT lead to the development of a bone analysis
tool for quantitative evaluation of bone. I tailored the protocol for imaging strontium
in newly formed bone during the healing process of the bone. Monitoring of the healing
bone was assessed using plain radiographs, clinical CT, iDXA and SPCCT. The beam
hardening effect created by the skull on the Grey-White matter differentiation in the
brain imaging was assessed. Further investigation of brain study was done by placing
3
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brain electrode on excised brains samples.
The ultimate goal of this research is to develop the SPCCT imaging technique to assess
bone health to prevent the fragility fractures caused by osteoporosis and to facilitate
improved diagnosis of brain disorders using SPCCT.
The key research questions of my thesis are:
• Can MARS SPCCT detect changes in bone properties, so it can be used as a new
imaging technique for detecting osteoporosis or monitoring the treatment? The
previous studies Ramyar (2017); Rajeswari Amma (2020) showed that SPCCT is
capable of measuring bone mineral density (BMD) and structure. However, the
study of monitoring bone property changes has not been studied before. Bone
loss due to decalcification as a result of bone disease was studied in the current
thesis, as well as bone growth due to healing.
• Can MARS SPCCT differentiate strontium from calcium? The differentiation of
calcium and strontium due to the similar physical and chemical properties are
challenging. The presence of strontium in newly formed bone during the healing
process was studied.
• Is MARS SPCCT able to differentiate Grey-White matter in the brain? How
the beam hardening effect created by skull and depth electrodes can affect the
Grey-White matter differentiation? The imaging of the brain using SPCCT was
first accomplished in this research. I improved the protocol for imaging excised
brain samples. I also assessed the impact of the metal artefacts created by depth
electrodes and the beam hardening effect by the skull on the visualisation of the
Grey-White matter. The clinical potential of the MARS SPCCT in assessing the
Grey-white matter differentiation was compared with clinical CT.
4
1.2. Significance of the research
1.2 Significance of the research
Osteoporosis is a silent skeletal disorder, considered a major public health concern;
more than 200 million people all over the world are affected by osteoporosis D’Elia
et al. (2009); Alagiakrishnan et al. (2015). Mortality and morbidity are the common
complications faced by osteoporotic patients which leaves a major economic burden on
societies. In New Zealand, approximately 116,000 individuals are suffering from frac-
tures caused by osteoporosis and approximately $580 million is estimated as the cost
for fractures. Osteoporosis is characterised by decreased bone strength which leads to
fragility fractures Link (2012); He et al. (2011); Alagiakrishnan et al. (2015); Schreiber
et al. (2014). Bone mineral density(grams of mineral per volume or area) and bone
quality (architecture, turnover, microfractures, and mineralisation) reflects the bone
strength in osteoporosis Link (2012). Osteoporotic fractures can be prevented by de-
signing a treatment plan. Imaging techniques play an important role in diagnosing
osteoporosis and possible fracture sites.
MARS SPCCT is a world-leading imaging modality that utilises Medipix detector tech-
nology in clinic Panta et al. (2014). The ability to resolve the spectral information of
each photon enables the identification of several materials simultaneously Lowe et al.
(2018); Aamir et al. (2014); Moghiseh et al. (2016); Stamp et al. (2019). The high spa-
tial resolution provided by this technology O’Connell et al. (2020) allows the resolving
of the fine structures. These attributes make the MARS SPCCT a special imaging
technique that could decrease diagnostic complications, improve patient management
and treatment plans, and provide clinicians with a wide range of useful information.
The density changes of each material within the bone could be related to specific bone
diseases. Monitoring structural changes of the bone tissue could be an indication of
osteoporosis in different stages of the disease. The ability of MARS SPCCT to provide
high spatial resolution images with material information could help us detect bone
changes in the early stages. This would help better understanding osteoporosis which
will help to improve the treatment plan and prevent the fracture before it happens.
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Subsequently, the quality of life of the patient will increase and the economic burden
on the economy of the society will decrease.
The ability of the MARS SPCCT to differentiate the materials could allow the clinicians
to monitor the calcium density changes within the fractured bone while the patient is
under the treatment. This helps to determine the newly formed bone in response to
the treatment. Additionally, material images provided by this technology could give
the clinician information about the effect of the drug on the specific site. This could
help to monitor the effectiveness of the specific drug to heal the fracture.
Brain imaging using the current imaging modality faces difficulties in the presence of
subdural electrodes and the beam hardening created by a skull. The ability of MARS
SPPCCT to decrease the beam hardening, provide material-specific images could help
to diagnose the material and structural changes within the brain. MARS SPCCT
could decrease the metal artefact created by the subdural electrodes. This will help to
localise the seizure focus, develop a neural implant, and prevent the dissection of the
brain.
1.3 Imaging Background
X-ray was introduced to the medical field on November 8, 1895, by Wilhelm Conrad
Röntgen HOWELL (2016). The internal structure of the body is captured by placing
the subject between the x-ray source and the x-ray detector Kemerink et al. (2012). A
diagnostic x-ray beam is made up of photons with energy in the 20-140 keV range. As
the photons pass through the body, each tissue absorbs/attenuates the photons based
on tissue radiological density Chen et al. (2012). After the photon passes through the
body, the detector captures the attenuated photon and generates projection images
Chen et al. (2012). The higher radiological density of bone makes the visualisation
of this tissue easier than soft tissues using x-ray techniques Miwa and Otsuka (2017).
While the discrimination of different soft tissue remains challenging in x-ray imaging
technologies, Magnetic Resonance Imaging (MRI) provides better soft tissue informa-
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tion D’Elia et al. (2009).
1.3.1 Diagnostic imaging techniques in osteoporosis
The World Health Organisation (WHO) defines osteoporosis by low bone mineral den-
sity Brunader and Shelton (2002); however, mineral density change is one of the osteo-
porotic bones. The microstructure and macrostructure of bone should also be quan-
titatively assessed to prevent fragility fractures. Imaging modalities are an important
tool to evaluate bone strength, characterise the fractures and prevent fractures. Cur-
rent imaging techniques used to diagnose bone disorders and evaluate bone health are
Conventional x-rays, Dual Energy x-ray Absorptiometry (DEXA), Computed Tomog-
raphy (CT), Quantitative Computed Tomography (QCT), High-Resolution Peripheral
Quantitative Computed Tomography (HRPQCT), Magnetic Resonance (MR) and Ul-
trasonography (US) D’Elia et al. (2009).
Conventional x-rays are the first and easiest method to identify fractures by providing
the clearest images of bone. However, detection of osteoporosis, subtle fractures of
hip and spine, bone bruises and occult fractures are not possible using this imaging
technique D’Elia et al. (2009); Vijayanathan et al. (2009).
DEXA is considered as a reference for diagnosing osteoporosis by providing bone min-
eral density information. DEXA has some disadvantages; (a) areal BMD (grams per
square centimetre) provided by this technique is dependent on bone size; (b) cortical
and trabecular bone is not differentiable hence, there is no information about indi-
vidual bone tissue characteristics; (c) macrostructure and microstructure of the bone
tissues can not be assessed (d) spine and hip DEXA are affected by the degenerative
diseases (e) all overlying structures can affect the results of the BMD measurements (f)
superimposed soft tissue will elevate BMD measurements Pappou et al. (2006); D’Elia
et al. (2009); Link (2012).
CT and MR can provide a characterisation of the bone lesions causing fractures in
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3-dimensional (3D) space. QCT provides volumetric mineral density (milligrams per
cubic centimetre), discrimination of bone tissues and visualisation of fragility fractures.
However, to diagnose osteoporosis this imaging technique suffers from high radiation
dose compared with DEXA Link (2012).
HRPQCT provides information of the BMD, trabecular and cortical bone architecture
at the same time Link (2010); however, it is limited to the peripheral sites and it can
not be used in the common osteoporotic sites, such as the femur or spine Link (2012).
Unlike HRPQCT, the multidetector CT technique can provide information about the
central regions of the skeleton, but the radiation dose exposed by this imaging tech-
nique is higher than HRPQCT Link (2012); Ito et al. (2005).
MRI provides higher contrast resolution, soft tissue information, measurements of the
trabecular bone structure and cortical porosity Link (2012). Microstructural informa-
tion provided by high-resolution MRI can be used along with BMD measurements using
other modalities to detect fragility fractures Wehrli et al. (2004). There are several dis-
advantages of this technique in terms of osteoporosis detection (a) BMD measurements
should be taken by other imaging techniques Link (2012)(b) long acquisition time may
result in motion artefact Link (2012) (c) imaging is not possible in the presence of the
metal implants in bone or electrodes on the brain Hargreaves et al. (2011).
X-ray imaging has evolved since its first introduction to the medical field. CT’s tech-
nology experienced numerous advances in terms of scan speed, radiation dose, smaller
slice thickness, detector size and number Bercovich and Javitt (2018). Moreover, new
detector technologies have been introduced to the CT technology field. MARS SPCCT
is a new imaging technique that utilises photon counting detectors. The energy of each
photon is assessed by utilising energy resolving detectors which enable the discrimina-
tion of several materials simultaneously in a single acquisition. Specific material density
can be driven from this technique, thus the BMD measurements can be obtained in 3D
space. Improved spatial resolution helps to characterise bones microstructural prop-
erties. The simultaneous information of the BMD, tissue properties and its structure
8
1.4. Energy integrating and photon counting detectors
could help to diagnose osteoporosis in the early stages before the fracture happens.
Section 1.4 describes the differences between detectors used in conventional CT and
photon counting CT. These concepts are related back to the photon counting detector
used in this thesis; the Medipix3RX.
1.4 Energy integrating and photon counting detec-
tors
Conventional multidetector CT (MDCT) employs one x-ray tube to produce a poly-
chromatic x-ray spectrum and energy integrating detectors (EID). The principle of
EIDs is as follows: when the x-ray photons impinge on the scintillator the secondary
visible light photons will be generated; then the semiconducting photodiode absorbs
these photons to generate an electrical signal proportional to the total energy deposited
during a measurement interval Willemink et al. (2018). All the energy-dependent in-
formation is ignored. Moreover, lower energy photons will be weighted less than the
higher energy photons leading to decreased contrast Taguchi and Iwanczyk (2013).
Dual-energy CT (DECT) was introduced to the medical field to characterise and differ-
entiate materials. DECT employs EIDs and two different energy spectra produced by
different approaches, namely dual x-ray sources, fast peak kilo-voltage switching and
dual-layer detector systems Postma et al. (2015). Although DECT can differentiate
materials, the number of the resolvable basis for the material function is limited to
two. Additionally, there is cross-talk between high and low energy images Taguchi and
Iwanczyk (2013) and the alignment of two datasets due to motion can be challenging
Si-Mohamed et al. (2019). Moreover, applying two energy beams can impose a higher
radiation dose Si-Mohamed et al. (2019).
Photon counting detectors (PCDs) resolve incoming individual x-ray photons into an
electrical signal based on their individual energy Willemink et al. (2018); Gutjahr et al.
(2016). The principle of PCDs is as follows: when the x-ray strikes on the semicon-
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ducting detector, electron-hole pairs are generated; then the bias voltage applied to the
detector generates an electric field and the electrons move toward pixelated electrodes.
The Application Specific Integrated Circuit (ASIC) transfers and shapes the charge
pulses into voltage pulses Gutjahr et al. (2016). Unlike EIDs, the electrical signal gen-
erated in PCDs is directly generated from individual photons. The ability of PCDs to
resolve photon energy allows each pulse to be allocated based on their amplitude into
a user-specified energy threshold which is higher than the electronic noise Si-Mohamed
et al. (2019); Kappler et al. (2013); Gutjahr et al. (2016); Willemink et al. (2018);
Schlomka et al. (2008).
1.5 Advantages and the limitations of PCDs
Early work from Heijne et al. (1988) identify the benefits of micropattern detectors
to assess the pattern of the energy deposited by the incident photon. The study by
Shikhaliev (2005, 2008); Shikhaliev et al. (2005); Ponchut et al. (2002); Llopart et al.
(2002) proved the advantages of PCDS. These findings were nicely summarised by
Taguchi and Iwanczyk (2013) to show the advantages of PCDs over EIDs. Unlike the
EIDs the electronic noise could be excluded from photon and pulse counts Willemink
et al. (2018); Taguchi and Iwanczyk (2013) by providing the energy threshold option. A
narrow energy bin offered by PCDs leads to increased energy resolution and improved
spectral separation hence better material discrimination. The absence of electronic
noise allows the selection of smaller voxel size, and small charge cluster size improves
spectral resolution Willemink et al. (2018); Taguchi and Iwanczyk (2013). Therefore,
the partial volume of smaller objects can be reduced, edges can be sharper, and mi-
crostructures can be discernible. The absence of electronic noise and lower statistical
noise Willemink et al. (2018); Taguchi and Iwanczyk (2013) results in improved contrast
to noise ratio (CNR). Multiple energy bins allow decomposing more than two bases
simultaneously, the possibility of K-edge imaging Schlomka et al. (2008); Moghiseh
et al. (2018) , and the quantification of the materials Moghiseh et al. (2016); Lowe
et al. (2018); Aamir et al. (2014); Raja et al. (2018); Panta et al. (2014).
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PCDs technology suffers from technical issues which can degrade spatial resolution and
CNR. Some limitations described below:
• Cross talk: When the photon strikes the detector element some physical effects
can cause the registration of the photon more than once and with incorrect en-
ergy ranges. In CZT (Medipix3RX) detectors, part of the photon’s energy can be
released in the form of fluorescent x-ray which can be absorbed in the neighbour-
ing element when it interacts with the detector element. Taguchi and Iwanczyk
(2013).
• Pulse pile-up: This phenomenon occurs when two photons strike the detector
element simultaneously, so they will be registered as one pulse with an energy
equal to the summation of two photons Willemink et al. (2018); Anjomrouz et al.
(2018); Taguchi and Iwanczyk (2013).
• Charge sharing: If the incident photon impinges the detector close to the border of
two pixels, part of its energy can be registered in the neighbouring pixel Gimenez
et al. (2011); Xu et al. (2011). Medipix3RX detector offers the usage of Charge
Summing Mode (CSM) to overcome the effect of charge sharing Hamann et al.
(2014).
• Ring artefact: Ring artefact can be present in the image due to miscalibration or
failure of the detector elements Barrett and Keat (2004). Additionally, the size of
detector chips is limited by the manufacturing of sensor layer crystals. Installing
the detector chips beside each other to create a larger detector array introduces a
gap between the chips. These are considered as dead pixels which could produce
ring artefacts. In section 2.4.4.1, this issue was addressed in MARS SPCCT
system.
1.6 MARS SPCCT
MARS SPCCT principle has been described in previous studies Ramyar (2017); Younis




The MARS spectral photon counting CT can measure multiple materials simultane-
ously in single data acquisition. The MARS SPCCT system consists of a gantry as a
scanning unit, a graphical user interface, and a workstation.
The gantry houses the x-ray tube, the MARS camera, and the sample holder. In-
side the MARS SPCCT, the gantry has two major mounting plates: the x-ray source
mounting plates and the camera mounting plate Rajeswari Amma (2020). The X-
ray source mounting plate rotates around the radial axis and measures the distance
from the source to the object (SOD) Ramyar (2017); Younis (2013); Panta (2015);
Rajeswari Amma (2020). The camera mounting plate rotates both axially and tangen-
tially. With these attributes, the camera can cover the entire length and width of the
sample Rajeswari Amma (2020); Lowe (2020). The micro-focus x-ray has a tungsten
anode with a focal spot size of 50 microns. X-ray tubes can operate at 120kVp and
350uA tube current.
The camera consists of the hybrid pixelated detector (Medipix3RX), and a readout
board. A semiconducting sensor layer bump bonded to a Metal Oxide Semiconduc-
tor (CMOS) application-specific integrated circuit (ASIC) with the pixel pitch size of
55-110 µm Rajeswari Amma (2020); Lowe (2020). Different materials can be used for
the sensor layer depending on the applications such as Si (silicon), GaAs (gallium ar-
senide), CdTe (cadmium telluride), CZT (cadmium zinc telluride)) Rajeswari Amma
(2020); Lowe (2020). The Medipix3RX used in MARS SPCCT can be operated in the
spectroscopic mode using 110 µm pixel pitch. The pixels of these detectors can be
operated both in single pixel mode or charge summing mode. In this thesis, MARS
scanners with Medipix3RX (110 µm and 110 µm pixel size, cadmium zinc telluride sen-
sors) were used to measure 5-8 energies in a single acquisition Ballabriga et al. (2013);
Iniewski (2014); Younis (2013). The four energy bins which operate in charge summing
mode (CSM) were used to reconstruct the acquired data.
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The MARS graphical user interface is designed in a way the user can define a specific
protocol, tailor the energy thresholds, control the scanning field of view and length,
change the reconstruction parameters and choose the number of projections per rota-
tion. Furthermore, the user can apply the pixel mask, energy equalisation and calibra-
tion, as well as calibrate the scanner.
The MARS workstation enables the user to transfer data from the image hub, visualize
the data, and process the data.
1.7 MARS imaging workflow
The usual MARS approach for each scan summarised below:
1. Based on the purpose of the scan, a calibration phantom with different concen-
trations of materials is scanned with specific acquisition settings and energy bins.
Energy resolution and image quality are both influenced by the choice of energy
thresholds and the number of energy bins Roessl and Proksa (2007); Wang and
Pelc (2010); Beldjoudi et al. (2012).
2. The semi-automatic in-house MATLAB program written by former PhD student
Moghiseh (2018) is used to evaluate materials’ spectral response, calculate mass
attenuation, assess the linearity of spectral response. The spectral response is
evaluated by plotting the Hounsfield unit (HU) of each material against the en-
ergy bins. This information allows us to monitor the specific response of each
material to x-ray and to extract the mass attenuation of materials. The least-
square linear regression (R2) shows the linear relationship between the measured
HU and concentrations of given materials in each energy bin; (R2) close to 1
indicates the ability of the scanner to measure correct concentration Moghiseh
et al. (2016); Zainon et al. (2015).
3. MARS-MD uses a constraint least square method to decompose the images into
different materials Bateman et al. (2018); Knight (2015). Each material’s mass
attenuation serves as the basis vector for the decomposition process. MARS-MD
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applies in the image domain. Then the decomposed images provide the density
and content information of the materials.
1.8 MARS SPCCT applications
Different applications of MARS SPCCT are summarised in below Ramyar (2017);
Younis (2013); Panta (2015); de Rouiter (2015); Lowe (2020)
1. Material identification and quantification: MARS SPCCT provides information
about multiple materials at the same time. This includes the differentiation of
soft tissue and bone and the quantification of the materials. Having the abil-
ity to measure bone calcium content is an important feature of this system.
This imaging modality can be used in clinical settings where the bone mineral
content changes. In addition, the bone structure could be assessed with high-
resolution images provided by this imaging modality. Clinicians can also detect
bone oedema and other conditions characterized by the fluctuating content of wa-
ter and lipids due to the differentiation of soft tissue from bone.This application
further studied in chapters 4, 5.
2. Imaging of contrast agents and k-edge imaging: A MARS SPCCT that captures
different energy bins offers the ability to capture the K-edge ( specific x-ray char-
acteristics of each material) of the clinically used contrast agents. It will allow the
detection of different contrast agents, such as iodine, gadolinium, gold contrast
agents, etc. SPCCT may also allow the differentiation of the used drug from
other substances inside the body, as each material has its own x-ray characteris-
tics. Therefore, monitoring the treatment plan will be possible. Strontium, for
instance, is used to treat osteoporosis and as a biomarker for new bone formation
Wan et al. (2020). The ability to differentiate calcium and strontium will allow
us to quantify the actual bone mineral content and visualise the newly formed
bone. This application is discussed in chapter 5.
3. Soft tissue imaging: The differentiation of lipid and water is not easy using con-
ventional energy integrating detectors. Based on their x-ray characteristics these
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two materials can be differentiated in the low energies of the x-ray spectrum.
SPCCT can set the energy above noise levels and use low-energy photons, which
allows lipids and water to be distinguished. In addition to detecting atheroscle-
rosis, these characteristics may also be useful for detecting brain abnormalities.
This application further discussed in the chapter 6.
1.9 Summary
• Diagnosing disease in the early stages could help the cost management and in-
crease the quality of life for the patient.
• Imaging modalities play a crucial role in terms of diagnosis and monitoring treat-
ment.
• Osteoporosis is associated with degraded bone strength and quality.
• Current imaging techniques have limitations in assessing bone quality and strength
simultaneously.
• Photon counting detectors introduced a new approach into clinical practice.
These detectors can count each photon’s energy individually. This helps ma-
terial discrimination and therefore quantification of materials.
• Photon counting detectors can capture high spatial resolution images and achieve
material discrimination while operating at a lower radiation dose compared to
DECT.
• MARS SPCCT provides 3D material information at a high spatial resolution
which enables the assessment of bone microstructure, macrostructure and quan-
tification of bone mineral density.
• To achieve accurate material information, the calibration phantom and scanning




Determination of the imaging
performance of spectral photon
counting hybrid pixel detectors
To investigate and characterise the MARS spectral photon-counting computed tomog-
raphy (MARS SPCCT) scanner’s performance we studied the reliability and the re-
producibility of the results. Quality control (QC) plays an important role in the as-
sessment and precision of MARS SPCCT output. This is a crucial factor to determine
the reliability of the imaging modality. Consequently, users can be confident that
the follow-up scans will show the consistent responses of the specific materials within
the subject. Utilizing custom-made poly-methyl methacrylate (PMMA) phantoms, we
performed quality control tests by measuring modulation transfer function (MTF) and
signal-to-noise ratio (SNR). Using a multi-material phantom (calcium-hydroxyapatite,
gadolinium, gold, iodine, water, lipid), we evaluated the performance of the MARS
SPCCT scanners. The spectral and linearity responses of the MARS system to each
specific material were assessed. Furthermore, the identification and quantification of
the materials were determined. Lastly, we investigated other factors that may affect
the image quality, such as the camera offsets, voxel size, bias voltage, and the number
of translations of the camera.
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2.1 Significance
Any inconsistency in imaging performance leads to a variety of distortions on the image
quality; hence, the visualisation and the quantification of the specific materials will be
affected. These distortions affect the diagnosis and the treatment in a clinic. Perform-
ing QC on a variety of MARS scanners is important to monitor imaging performance
changes to guarantee the accuracy of the results. This will help to increase the quality
of the diagnostic information.
2.2 Introduction
Spectral photon counting CT (SPCCT) is a novel imaging technique producing high-
quality images with the potential application in clinic Panta et al. (2018). The image
quality using SPCCT were assessed in a few relevant studies Kappler et al. (2014);
Pourmorteza et al. (2017). The assurance of the accurate and precise information pro-
vided by MARS SPCCT scanners is an important factor when it is translated into
clinical settings.
A number of motors control the x-ray source, camera position, sample movement, and
gantry rotation in MARS SPCCT. Camera hardware changes could cause an axial or
tangential offset that would lead to misalignment between the source and the detector.
The changes in the camera offset parameter cause an asymmetric coverage of the object
at different projection angles Sharma et al. (2014) leading to poor image quality. The
effect of camera offsets on image quality was examined by analysing spatial resolution
and SNR in this chapter.
The voxel size is an important factor in clinical diagnosis. This factor impacts the
image quality Tanimoto and Arai (2009). A decreased voxel size will decrease SNR




MARS SPCCT scanners consist of a different number of chips in the camera (3, 5, 7, 14
chips) this will constrain the number of camera translations needed to cover the whole
subject. To ensure the reliability of the outcome with the same acquisition settings
in different MARS SPCCT scanners, the effect of the number of camera translations
should be addressed.
Increased bias voltage leads to the increased capability of the charge collection effi-
ciency of CdTe-Medipix3RX operated in Charge Summing Mode (CSM) Panta (2015).
Different MARS SPCCT may have different bias voltages. So, the effect of the in-
creased bias voltage on material identification was assessed in this chapter.
After studying the effects of possible factors (FOV, bias voltage, oversampling (cam-
era translations)) on the image quality, the consistency and the reproducibility of the
acquired results were investigated using different MARS SPCCT systems as a quality
control check.
2.2.1 Spatial Resolution
The spatial resolution of an imaging system is its ability to resolve the border between
two objects with different densities (represented as a high frequency in the image
for sharp borders) Venkataraman and Raj (2003). The modulation transfer function
(MTF) can demonstrate the capability of an imaging system to transfer features of an
object into a spatial frequency domain Judy (1976); Brüllmann and Schulze (2015);
Knopp et al. (2011). This quantitative assessment is usually reported in line pairs per
millimetre at a different amplitude of MTF Verdun et al. (2015).
2.2.2 Image noise
The differentiation between normal and abnormal tissue is affected by the level of
noise present in the image Chaudhari et al. (2012). In subsequent projections, the x-
ray source will have different photon counts due to natural statistical fluctuations. This
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random noise will affect the voxels’ value across all the slices within the image. This
phenomenon is apparent when the SNR is low. MARS SPCCT employs Medipix3RX
detectors which convert the energy of every single photon to charge and counts each
photon for each pixel Barber et al. (2009). Moreover, an absorber increases signal power
by decreasing inherent noise Barber et al. (2009). These features enable MARS SPCCT
to provide a high SNR. SNR is considered as a factor that indicates the level of signal
to the background noise Welvaert and Rosseel (2013) and is a key factor in the QC
procedure. The position of the detector can impact the count rate and the performance
of the source can affect the flux. These can lead to changes in SNR. The reconstruction
algorithm could also produce changes in SNR by changing the normalisation method
of flat field images. To monitor fluctuations in flux, every month SNR was reported.
Additionally, SNR was monitored following changes to the camera offset values due
to hardware upgrades (During this study, the camera malfunctioned, leading to its
dismounting) and after upgrading the reconstruction algorithm.
2.2.3 Material identification
The SPCCT is able to assign the energy of each photon to each specific threshold, which
enables the differentiation of materials based on their specific response to x-rays. The
visualisation and quantification of multiple materials simultaneously can be used to
monitor the performance of the scanner. This will show the reliability of the scanner
in terms of voxel identification related to each specific material. Also, the spectral
response of each material has been monitored in different versions of the MARS SPCCT
scanners to assess the inter-variability and intra-variability of the imaging systems.
2.3 Materials
2.3.1 Imaging system (MARS SPCCT)
This study was performed using small-bore MARS scanners (MARS 10, MARS 11,
MARS 15, MARS 17, V5, MARS Bioimaging Ltd, Christchurch, New Zealand), com-
posed of a microfocus x-ray tube and cadmium zinc telluride (CdZnTe) assembled
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Medipix3RX chips Ballabriga et al. (2013) incorporated in the MARS camera. The
camera was composed of three, five or seven chips (depending on the version of the
scanner) with approximately 450 micrometre gaps between them. Each chip has 128
x 128 pixels and consists of a semiconductor sensor layer, 2mm in thickness. The x-
ray tube consists of a Source-Ray SB-120-350 (Source-Ray Inc, Ronkonkoma, NY), a
tungsten target with an effective focal spot size of ∼ 50µm, and 1.8 mm aluminium
(Al) equivalent intrinsic filtration. All assessments in this study were performed using
four CSM counters.
2.3.2 Monitoring the stability of the MARS SPCCT scanner
QC tests measuring spatial resolution, SNR, and material identification were performed
monthly on the MARS SPCCT scanner to evaluate its stability. Additionally, these
parameters were reevaluated after the malfunctioning camera was removed.
2.3.2.1 MTF phantom and spatial resolution measurement
In this study, a cylindrical PMMA phantom with a diameter of ∼ 25 mm was used to
measure spatial resolution. This phantom is made of a homogeneous material that sim-
ulates water (Figure 2.1). This phantom was used to test the ability of MARS SPCCT
scanners to resolve and distinguish adjacent objects. Image acquisition parameters are
shown in (Table 2.1)
Figure 2.1: 25 mm diameter homogeneous MTF phantom.
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Table 2.1: Image acquisition parameters for spatial resolution assessment. SDD and SOD are
source-to-detector and source-to-object distance respectively.
Image acquisition parameters variables
x-ray filtration 1.8 mm Aluminium equivalent intrinsic , 0.375 brass extrinsic
Tube current 26 uA
Tube voltage 118 kVp
Exposure time 220 ms
Magnification 1.25 (250 mm SDD, 200 mm SOD)
Energy thresholds 30, 45, 60, 78 keV
Scan length 7 mm
Projections over 360, flat field 720, 720
2.3.2.2 Four-hole phantom and SNR measurement
To measure SNR, a custom-made PMMA phantom with a 27 mm diameter was used
(Figure 2.4 a). This phantom had four holes located 0.5 cm from the periphery and
approximately 1 cm apart from each other at 90 degrees. The image acquisition set-
tings were as in Table 2.1.
Figure 2.2: (a) 27 mm diameter homogeneous four-hole phantom. (b) A single slice in energy 30-
45 keV, to crop the images and mask the regions outside the selected area. (c) The ROIs for the
calculation of the SNR in the periphery and centre part of the PMMA.
22
2.3. Materials
2.3.2.3 Multi-material phantom and measuring the identification
In this chapter, the calibration phantom used to measure the sensitivity of MARS
SPCCT to identify different materials is called the multi-material phantom. Six ma-
terials with different concentrations were inserted in 6 mm diameter holes on a 32
mm diameter PMMA phantom. The materials in this phantom consisted of soft-tissue
equivalent (water), fat-equivalent (vegetable oil), and the materials used as contrast
agents such as gadolinium (Gd; 2, and 8 mg/ml), iodine (I; 4.5, 9, and 18 mg/ml), gold
(Au; 2,4, and 8 mg/ml). Bone-like material (Calcium-Hydroxyapatite (HA)( 211.7,
and 808.5 mg/cm3); Quality Assurance in Radiology and Medicine (QRM), GmbH,
Moehrendorf, Germany). Image acquisition parameters for the multi-material phan-
tom were improved by former PhD student Moghiseh et al. (2016) ( Table 2.2).
Figure 2.3: A 32 mm custom made multi-material phantom containing six materials with different
concentrations.
23
Chapter 2. Determination of the imaging performance
Table 2.2: Image acquisition parameters for material identification assessment. SDD and SOD
are source-to-detector and source-to-object distance, respectively.
Image acquisition parameters variables
x-ray filtration 1.8 mm Aluminium equivalent intrinsic, 0.375 brass extrinsic
Tube current 26 uA
Tube voltage 118 kVp
Exposure time 220 ms
Magnification 1.25 (250 mm SDD, 200 mm SOD)
Energy thresholds 27, 36, 52, 79 keV
Scan length 7 mm
Projections over 360, flat field 720, 720
2.4 Experiments and results
2.4.1 Monitoring the stability of the scanner
Image quality indicators (spatial resolution, signal-to-noise ratio (SNR), material iden-
tification) were monitored over several months to assess scanner stability.
2.4.1.1 Spatial resolution
To assess spatial resolution, the reconstructed DICOM images were split into four
separate energy bins. The images were rescaled by multiplying and adding the slope and
intercept, respectively, using imaging software (Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA) Rueden et al. (2017). The 10% MTF
was measured with five slices from each energy bin using the in-house program with
MATLAB interface MAT (2017). MTF was calculated based on the method described
in the ASTM International standards for Testing and Materials (1995). The point
spread function (PSF) was derived from the edge response function (ERF). The Fourier
transform of the PSF produces a modulation transfer function (MTF). MTF ranges
from 0 to 1, where a value of 1 indicates 100% of contrast information when the sample
is transferred to the image plane. In this chapter, lp/mm was considered at 10% MTF
phantom. Therefore, a larger 10% MTF value indicates increased separation of the
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adjacent points M.Sedayo (2013).
Figure 2.4: (a) A single slice in energy 30-45 keV, reconstructed with 90 µm voxel size. (b) PSF is
used for the calculation of MTF. (c) MTF calculated in 10% amplitude represent spatial frequency.
2.4.1.1.1 Results
Monthly analysis of spatial resolution the scanner (MARS 11, V5, MARS Bioimaging
Ltd, Christchurch, New Zealand) using the same camera offset values showed variation
(Figure 2.5). The lowest spatial resolution measured was 224.9 µm, whereas the high-
est value measured was 240.1 µm. Small variation in spatial resolution recorded could
be related to the different times of the day scanning and different slice selection for the
analysis.
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Figure 2.5: Spatial resolution monthly stability assessment. The tangential offset was set to -0.35
mm and axial offset was set to -2.4 mm before the dismounting of the camera in February. After
re-mounting the camera, offsets were changed to -0.45 mm, and +2.4 mm for tangential and axial
offsets, respectively.
The camera malfunctioned during this study, which led to dismounting of the camera.
After re-mounting the camera the spatial resolution of the image degraded significantly
due to the changes in the geometry of the camera. The geometrical calibration, by
changing the camera offset (axial and tangential offsets in respect to the centre of
the camera), was done to bring the spatial resolution to the status before the camera
dismount. Figure 2.6 shows different measured spatial resolutions by setting different
tangential offsets, while the axial offsets remained the same (-2.4 mm). Improvement in
spatial resolution was observed between -0.35 mm and -0.50 mm, whereas the spatial
resolution degraded at -0.64 mm. The difference in spatial resolution between the
images acquired with a geometrically uncalibrated and calibrated camera is shown in
Figure 2.7. The arrows highlight the blurry edges when the tangential offset was set
to -0.64 mm, whereas the edges at -0.35 mm were sharp.
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Figure 2.6: Spatial resolution at different tangential positions with respect to the camera’s central
position. The horizontal line represents the baseline spatial resolution acquired using single-chip
camera before upgrading the system to three chip camera.
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Figure 2.7: Effect of the camera offset parameters on the spatial resolution. (a) Axial images of the
phantom at -0.64 mm tangential offset, (b) xz projection of the images at -0.64 mm tangential offset,
(c) axial images of the phantom at -0.35 mm tangential offset, and (d) xz projection of the images at
-0.35 mm tangential offset. The same energy images (30-45) were chosen for comparison. The same
level/window (0.15, 0.28) was applied to images.
2.4.1.2 Signal-to-noise ratio
The four-hole phantom was used to evaluate SNR (equation 2.1). The mean linear
attenuation (LA) and standard deviation across five different regions of interests (ROIs)
(Figure 2.4 c) were measured. The reason for selecting different ROIs to calculate SNR







Where µ is the linear attenuation (LA) and σ is the standard deviation of the selected
ROIs.
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SNR calculation was performed using an in-house program in MATLAB which is done
in different steps. The first step is to crop the images to include air and edges and
then remove the data outside the ROIs (Figure 2.4 b). The Otsu threshold is applied
to the image as a mask and the average of two regions is calculated, then holes are
detected. For the calculation of the SNR, five slices were used to get an average value
in each energy bin. As the count rate is different in each energy bin it can produce
small changes in the signal strength in each energy bin. Therefore, the average of SNR
across four energy bins was calculated to make it equivalent to clinical CT settings.
2.4.1.2.1 Results
The monthly report of SNR measurements at the same camera offset shows 16.2±
0.24, 16.05± 0.2, 17.03± 0.19, 17.38± 0.38 for 30-45, 45-60, 60-78, and 78-118 keV,
respectively (Figure 2.8). The increasing trend of SNR was observed by increasing the
energy bins in the reconstruction dataset. The reason for increased SNR was investi-
gated by further analysis of the flat-field images where there was no object between the
camera and the x-ray source. The arbitration counter and the four charge summing
mode bins (7-118, 30-118, 45-118, 60-118, 78-118 keV) were investigated in terms of
SNR measurement. The measured SNR values for the counters mentioned above were
16.90, 16.83, 16.82, 16.21, and 15.27, respectively. These measurements were reason-
able when considering the decreased mean photon counts statistics by increasing the
energy range.
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Figure 2.8: Monthly report of the SNR measurements. The standard deviation of the mean shows the
variability of the measurements during the QC monthly assessment.
Degradation of SNR after dismounting the camera was investigated as a QC process.
The SNR measurements using different camera tangential offsets is shown in Figure
2.9. The results demonstrated that the changing of the camera’s tangential offset
could cause a degradation in SNR, while the axial offset was kept the same across all
measurements. The lowest SNR was measured when the tangential position of the
camera was set to -0.64 mm. Additionally, the results shown in Figure 2.9 indicates
that at one point (tangential offset in respect to the centre of camera -0.36 mm) SNR
increased, whereas the change in the camera position to other points produced steady
results.
30
2.4. Experiments and results
Figure 2.9: Effect of the camera offset parameters on the SNR measurements.
Figure 2.10: Effect of the camera tangential offset parameters on the SNR measurements of a four-hole
phantom. (a) White arrows indicating the presence of degraded image quality at -0.64 mm tangential
offset. (b) Increased image quality at -0.38 mm tangential offset.
2.4.1.3 Material identification
To analyse the data, the effective linear attenuation of each material in different en-
ergy bins was measured. A Hounsfield unit (HU) is calculated by normalizing linear
attenuation values to water and air for each material Moghiseh et al. (2016). The
spectral response of each material and their linearity response were plotted graphically
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using an in-house program Moghiseh et al. (2017). These plots helped evaluate the
attenuation trend and monitor its response in case of any changes due to a scanner
fault. The reconstructed images were subjected to an in-house material decomposition
(MARS-MD) Bateman et al. (2018); Knight (2015) to determine the scanner’s sen-
sitivity to material differentiation. The effective mass attenuation coefficient of each
material was calculated and used as the basis for material decomposition. To measure
the identification sensitivity, in-house program Moghiseh et al. (2017) was used on the
material decomposed images. This metric was reported by measuring the percentage
of correctly identified voxels within the known material.
2.4.1.3.1 Results
Material identification sensitivity was evaluated each month. Figure (2.11) shows the
assessment of the materials’ identification using the multi-material phantom before
and after dismounting the camera. The tangential offset of the camera was set to the
same position in the two experiments. Different concentrations of HA and I in the
multi-material phantom showed no significant variation in terms of correctly identified
voxels at the same tangential offset. However, Au and Gd vials, especially in the
lower concentration and water vial, showed differences in the identified voxels. To
identify the source of the difference, the spectral response of the materials to the x-
ray was evaluated over time. The results showed there were no significant changes in
the spectral response of different concentrations of HA and I. However, the spectral
response of low concentration of Au and Gd changed significantly. These inconsistencies
in the spectral response of the materials was imposing the differences in the material
information. Any inconsistency could be related to a system fault for example fault
in the x-ray tube level, detector level, camera offset. Although the offset parameters
were set to the same position from the centre of the camera, there were small changes
within the spatial resolution as shown in Figure 2.5. Consequently, the response from
low concentrations of the materials could be affected.
32
2.4. Experiments and results
Figure 2.11: (a) Identification of voxels within each specific vials during the QC assessment on May
2018 at tangential and axial offsets of -0.35 mm and -2.4 mm, respectively. (b) Identification of voxels
within each specific vial during the QC assessment on November 2018 after dismounting the camera
at tangential and axial offsets of -0.35 mm and -2.4 mm, respectively.
Figure 2.12: Spectral responses of different materials at different months (Experiment 1(May 2018),
Experiment 2 (November 2018)).
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2.4.2 Evaluating the effect of different parameters on the im-
age quality
2.4.2.1 Evaluating the effect of voxel size
Section 2.2 outlined several factors that could influence image quality. The MTF phan-
tom and the four-hole phantom were scanned with the established geometrical parame-
ters mentioned in section 2.4.1. After image acquisition, the dataset was reconstructed
with 90 µm and then retrospectively reconstructed with 70 µm slice thickness.
2.4.2.1.1 Results
Increasing the slice thickness improved the signal-to-noise ratio by increasing the signal
intensity within voxels. On the other hand, reducing slice thickness improved image
quality in terms of spatial resolution. Therefore, based on the imaging goal the trade-
off between SNR and spatial resolution should be considered.
Table 2.3: The evaluation of SNR and spatial resolution at different voxel size in the recon-
struction. Camera offset parameters are set at -0.35 mm (tangential) and -2.4 mm (axial)
offset.
Slice thickness (µm) SNR Spatial resolution(µm)
90 17.02 235.65
70 14.3 218.8641
2.4.2.2 Evaluating the effect of oversampling (camera translation)
The different number of oversamplings which result in different camera translations
were employed during scanning of the multi-material phantom to assess the impact of
the camera translations on material identification.
2.4.2.2.1 Results
The results showed that Hounsfield units for one oversampling (one camera transla-
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tion) were greater than two oversampling (two camera translations) (Figure 2.14). The
linear attenuation of materials and their concentrations showed a linear relationship
using one and two oversampling (R2 close to one). Identification of materials improved
as the number of oversamplings increased. For example, 59.97% of voxels within the 9
mg/ml of iodine vial were identified as iodine (I) for one oversampling, and 72.72% for
two oversampling. Material decomposed images were visually assessed using MARS vi-
sion Mandalika et al. (2018). Although both one and two oversamplings suffered from
misidentification of low concentrations of Gd and Au, it appears that two oversam-
plings improved visualisation of lower concentrations of materials compared with one
oversampling (Figure 2.15 b). This could have been due to increasing camera trans-
lation, and increasing SNR. The measured SNR within all vials showed higher SNR
with two oversamplings. For example, at the lowest concentration of Gd, the measured
SNR within 2 mg/ml Gd using two oversampling was 11.4, whereas, the SNR acquired
from the same vial with one oversampling was measured to be approximately 8.2.
Figure 2.13: (a) Material images of the phantom with one camera translation. (b) Material images of
the phantom with two camera translation.
35
Chapter 2. Determination of the imaging performance
Figure 2.14: Spectral responses of different materials at different over samplings (oversampling leads
to different camera translations).
Figure 2.15: (a) Identification of voxels within each specific vial at one camera translation (one
oversampling). (b) Identification of voxels within each specific vials at two camera translations (two
oversampling). Both scans were acquired with a field of view 32 mm.
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2.4.2.3 Evaluating the effect of bias voltage
To assess the impact of bias voltage in material differentiation, two bias voltages were
used (500 V, 800 V).
2.4.2.3.1 Results
Increasing bias voltage lead to a slight improvement in the identification of the mate-
rials. The identification of Au 2 mg/ml, Gd 4 mg/ml, and water at 800 V bias voltage
increased to 29%, 63% and 54% compared with 500 V bias voltage setup where the
identification of these materials were reported as 14.74%, 58.5%, 43.1%, respectively
(Figure 2.16). This could have been due to the improvement of the charge collection
efficiency, charge trapping, and spectral resolution Panta (2015).
Figure 2.16: (a) Identification of voxels within each specific vial at 500 V bias voltage. (b) Identification
of voxels within each specific vial at 800 V bias voltage. Both scans have been acquired with 52 mm
field of view and one camera translation.
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2.4.3 Monitoring spectral response variation in different MARS
SPCCT scanners
Variation in the spectral response of different materials was investigated using MARS
SPCCT scanners.
2.4.3.1 Intra-scanner variation
To assess the stability of the scanner in terms of the materials’ response, the calibration
phantom consisting of different concentrations of HA (808.5, 402.3, 211.7, 104.3, 54.3
mg/cm3) along with water, and lipid was scanned using a seven-chip camera (MARS
10, V5, MARS Bioimaging Ltd, Christchurch, New Zealand) at 120 kVp tube voltage
over four consecutive days. Intra-scanner variation was assessed.
2.4.3.1.1 Results
The Hounsfield units of different concentrations of HA did not show considerable varia-
tion over several consecutive days or on the same day using seven chip camera (MARS
10, V5, MARS Bioimaging Ltd, Christchurch, New Zealand). Figure (2.17) shows
the measured HU values for different HA concentrations within different time frames
and the standard deviation of the mean which indicates the variation of the measured
value. This result demonstrated the reliability of the scanner in terms of measuring
bone mineral density at different time points mentioned in section 4.4.2.
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Figure 2.17: The reproducibility of the measured spectral response in terms of HA detection at
different energy ranges 30-45, 45-60, 60-78, 78-118 keV.
2.4.3.2 Inter-scanner variation
The multi-material phantom was used to measure inter-scanner variability, the ability
of two different scanners to produce an equal spectral response when exposed to the
same materials. Scans were performed twice using five- and seven chip cameras MARS
15, MARS17, V5, MARS Bioimaging Ltd, Christchurch, New Zealand) with image
acquisition parameters outlined in section 2.3.2.3. Using different scanners, the energy
threshold set-ups remained the same, but tube current and exposure time were changed
to get almost the same photon mean count and count rate despite different physical
properties of the scanners.
2.4.3.2.1 Results
Figure 2.18 shows that the variation inside the seven chip camera is high e.g. Au
8 mg/ml showed about 48 Hounsfield unit deviation from the average value of three
scans. The projection data were assessed to analyse the variation; the assessment
showed the fluctuations of the x-ray tube. Five chip cameras showed consistent results
within several scans for each material (Figure 2.18).
Figure 2.18 also indicates the spectral response of different materials using different
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MARS scanner versions. All materials showed the same trend of the HU spectral re-
sponse; however, the values were different. The magnification could cause the variation
in HU values acquired by using different MARS scanners because of the distance be-
tween the camera and the object. However, after assessing the magnification it was
found that the magnification of the five chip camera was 1.23 and seven chip cameras
was 1.20, so the difference could not be related to the source to object, or object to
source distance. This might be explained by the difference between the chips’ quality
where in the seven chip (MARS 15, V5, MARS Bioimaging Ltd, Christchurch, New
Zealand) camera, the number of dead pixels on the detector was more than the camera
with five chips (MARS 17, V5, MARS Bioimaging Ltd, Christchurch, New Zealand).
Figure 2.18: The intra-inter variability of different version of the MARS scanners. (a) HU spectral
response of the materials using the camera with seven chips on MARS 15. (b) HU spectral response
of the materials using the camera with five chips on MARS 17.
2.4.4 Assessment of the source of ring artefact
In this section, we have discussed the visual assessment of rings in data sets using the
multi-chip camera. There was a distortion at the center of the image, which could be
related to the rings. Several data sets from different cameras were examined to find
the source of the defect. Additionally, the effect of several factors has been considered
e.g. bias voltage, the number of projections per rotation, the number of oversamplings,
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camera tangential displacement, and field of view (FOV).
2.4.4.1 Results
Qualitative assessment of the reconstructed images obtained from MARS SPCCT scan-
ners with multiple cameras showed a non-homogeneity pattern in the centre of the re-
constructed volume. This interlinked to the incorporated rings visible at the axial view.
Factors such as the chip quality (Figure 2.19) and the camera translation (with maxi-
mum/minimum range of the chip overlapping) (Figure 2.20) influenced whether or not
the artefacts were present. The chip with better quality (less dead pixels) resulted in
better image quality and less distortion, particularly in the centre of the reconstructed
volume (Figure 2.19). The image quality in which two camera translations were used
with the maximum overlap (e.g. smaller camera translation distance) was improved.
However, in the larger translation distance (the distance between centre to centre of
the camera) (Figure 2.21), the rings were more pronounced in the images (Figure 2.20).
It was shown that the presence of the rings strongly depended on the FOV when the
camera with damaged chip (dead pixels) was used (Figure 2.22). In the smaller FOV
in which the second chip with severe damage was not involved in the data acquisition,
the image quality seemed better (Figure 2.22).
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Figure 2.19: The coronal view of the 47 mm wire phantom at single-camera translation. (a) Seven chip
camera (MARS 10, V5, MARS Bioimaging Ltd, Christchurch, New Zealand) with several defected
chips. (b) Seven chip camera (MARS 10, V5, MARS Bioimaging Ltd, Christchurch, New Zealand)
with optimal chip quality. The arrows are indicating the non-homogeneity of the image at the centre
caused by the rings.
Figure 2.20: Scans operated using MARS 10 with camera translations distance. (a) ±30.95 mm
camera displacement, (b) ±36 mm camera displacement, (c) ±38 mm camera displacement.
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Figure 2.21: Camera tangential displacement (35.44 mm)
Figure 2.22: Assessment of the ring artefact using different FOVs. (a) Axial images of the calibration
phantom acquired at 32 mm FOV. (b) Coronal images of the calibration phantom acquired at 32
mm (c). Axial images of the wire phantom acquired at 52 mm FOV. (d) Coronal images of the wire
phantom acquired at 52 mm FOV. (a, b) The pronounce ring artefact cannot be detected. (c, d) The
ring artefact is more pronounced causing the non-homogeneity in the centre of the image.
43
Chapter 2. Determination of the imaging performance
Figure 2.23: Different scans operated on the same scanner using different bias voltages. (a, b) Corre-
sponding axial and coronal images of the calibration phantom acquired at 52 mm FOV at 500 V bias
voltage. (c, d) Corresponding axial and coronal images of the calibration phantom acquired at 52 mm
FOV at 800 V bias voltage. Arrows in the images show the presence of the ring artefact.
2.5 Discussion
The work performed in this chapter provides quality and credibility to the results in the
rest of the thesis. Establishing a regular Quality Control (QC) program is a key factor
to assure the stability of an imaging system. In this study, custom-made phantoms
were used to assess indicators of image quality, including spatial resolution, SNR, and
material identification. Spatial resolution plays an important role in detecting small
objects, such as trabecular bone structure. The monthly QC check showed that the
measured spatial resolution remained the same over time. The variation measured, 20
µm, was related to the actual intrinsic resolution of the system.
Spatial resolution degraded after the camera replacement. These changes were ex-
pected as the spatial resolution depended highly on the geometry of the camera. After
each camera replacement, the results were compared against the baseline. Then the
tangential and axial offsets of the camera were changed to get the camera comparable
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to the baseline values (the baseline value was achieved based on the best outcome after
installing the system).
SNR measurements over time showed the highest deviation in the last energy bin
(≈0.38 std) from the mean value over time. Maintaining the quality of the signal had
an important impact on the detectability of the low-contrast structures and materials.
Multi-material identification and detection at the same tangential offset and axial off-
sets were evaluated. The results showed a negligible difference in terms of HU values
for HA, but there were differences in low-contrast materials. Further analysis showed
that the SNR degraded from 15.45 to 12.66 and spatial resolution from 200 to 220
µm. This shows although the camera offsets were set at the same point, as the SNR
changed, the low-contrast detectability degraded. Further improvement of the camera
offsets lead to increased resolution and SNR.
Assessing the effect of different image acquisition and reconstruction parameters en-
ables the operator to improve the protocol based on the goal of the scan. The dataset
reconstructed at 90 µm and 70 µm voxel size showed slightly improved spatial resolu-
tion of 20 µm when the voxel size was changed from 90 µm to 70 µm. Although this
resolution will resolve fine structures, a degraded SNR (17.02 to 14.3) will result in
inaccurate measurements of low concentrations of materials. As an example, in terms
of trabecular imaging, theincreasing spatial resolution will depict the fine details of
trabecule meshes but as we do have less concentrated calcium the SNR will not be
good enough to accurately detect low concentrations of calcium.
The number of camera translations increased by increasing the number of oversam-
pling of the object during the scan. The SNR improves by increasing the number of
camera translations; this leads to increased material identification. Although increas-
ing the oversampling will result in more information gathered by having two camera
positions, the time of the image acquisition will also increase. The material identi-
fication, especially in the soft tissue or low concentrations of materials increased by
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raising the bias voltage up to 800 V. This larger specification of the materials could
be related to increased charge collection efficiency and spectral resolution Panta (2015).
Spectral response of each material to x-ray can provide the mass attenuation of that
material which can be used to decompose the energy images of the spectral photon-
counting CT into material-specific images. The stability of the imaging technique to
identify and quantify the detected materials is important for diagnostic purposes. For
example, accurate monitoring of the bone mineral density changes during osteoporosis
assessment will help the clinicians to determine the treatment plan. Results showed
that there is not much deviation in the HA measurements in consecutive scans (mean
of measured HA concentrations with a standard deviation of the mean: 1179.85± 5.53,
827.6883± 4.58, 443± 55.40, 231.54± 3.95, 119± 5.3, 71.75± 5.4 mg/cm3). These
results demonstrated the reproducibility of the mineral density measurements over
monitoring the bone changes within the same scanner. Assessing the intra-variability
of the scanners helps the operator to assess the protocol to achieve the same results
on different MARS SPCCT scanners. Results showed that in terms of the material
spectral response trend, there is not a significant difference between different scanners.
As a result, the same results of detection are expected as the radiographers operate
the scanner under the same protocol. The only point which should be considered when
using different scanners is to maintain the mean count and count-rate at a consistent
level, as some versions of the scanners can be different in terms of geometry.
In terms of ring artefact, all images showed this artefact regardless of the scanner
version. The ring artefact was more pronounced with larger FOVs, increased camera
translations, and defects of the detectors.
2.6 Summary
• The spatial resolution and the signal intensity over noise can be influenced by
several factors. These includes, the mechanical properties of the scanner such as
camera tangential and axial offsets.
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• The uncalibrated tangential and axial offsets of the camera affected the image
quality. In the case of uncalibrated offsets, images appeared blurry and noisy.
Therefore, camera offsets need to be well-calibrated to acquire images with high
quality.
• A monthly QC test was used to assess the reliability and stability of the scanners.
In addition, we evaluated the reproducibility and similarity of the results using
different MARS scanners.
• The results showed consistent information on materials in consecutive days of
scanning. Additionally, the trend of spectral response of the materials appeared
to be similar across different MARS scanners. This shows the reliability and the
reproducibility of the acquired information from MARS scanner.
• The MARS camera in this thesis consists of several chips. There are gaps be-
tween these chips, which could affect the quality of the image and the material
information.
• Oversampling leads to camera translations. Translating the camera in a way
that covers the gap between chips could improve the image quality and material
information.
• Two camera translations with the greater gap coverage led to increased SNR. Sub-
sequently, the identification specificity of low contrast materials was increased.
• To test the effect of bias voltage on material information, the bias voltage was
changed to 800 keV.
• Signal intensity and material identification were increased with a bias voltage
increase from 500 keV to 800 keV.
• The decreased voxel size in reconstructed images improved spatial resolution and
degraded SNR.
• The degraded SNR will decrease the detectability of low contrast materials.
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• Therefore, the tradeoff between spatial resolution and SNR needs to be considered
according to the application.
• Factors that can affect the intensity of the ring artefacts were assessed. A larger
FOV, degraded chip quality, and increased camera translational distance in sev-




compartments and quantification of
bone mineral density
±The aim of this study was to establish a semi-automatic method to segment bone
tissues based on the images acquired from MARS spectral photon counting computed
tomography (SPCCT). This primary research informed the MARS group developing
standard visualisation tool. It was done to prototype and test potential methods for in-
corporating into routine tools. Manual segmentation was used as a routine practice to
segment the bone tissues in MARS SPCCT images. However, this method is not prac-
tical when dealing with large datasets. In this chapter, two different semi-automatic
methods were proposed to segment the bone into its cortical and trabecular zone. The
concept of the first method of segmentation is based on the active contour algorithm
in ImageJ Andrey and Boudier (2006). The active contour method uses a gradient
filter along with elasticity constraints to detect the contours in the image Andrey and
Boudier (2006). In this approach, the major task is to adjust the algorithm parameters
to successfully segment the different bone tissues. The second method of segmentation
used a machine learning algorithm the weka trainable segmentation plugin Lormand
et al. (2018) embedded in ImageJ. The trainable weka segmentation method allows the
user to select the region of interest of each tissue and use a fast random forest algorithm
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for segmentation. Two proposed methods in this chapter utilise the bone-like images
as an input to segment cortical and trabecular bone. After the segmentation process
using two different methods, the mineral content of the cortical and trabecular tissue
was measured. Additionally, the structural characteristics of the bone tissues, such
as trabecular and cortical thickness, trabeculae numbers, and trabecular separation
were measured. The measured values from the active contour method were compared
with the outcome of manual measurements. The intraclass correlation was defined to
evaluate the correlation between the measured outcomes of the two methods.
3.1 Significance
Bone tissue consists of different zones such as periosteal, cortical, cortico-trabecular
junctional and trabecular zone. Different bone diseases can affect different parts of
the bone separately or simultaneously Mallory (1942). Changes within each region can
indicate specific bone disorder Feng and McDonald (2011). For example, the porosity
of the trabecular zone is a crucial indicator of bone loss; hence an important sign of
structural deterioration Martineau et al. (2017). Therefore, the ability to distinguish
and assess the properties of bone compartments is of great importance Bauer and
Link (2009). The advent of SPCCT technology may improve the knowledge of bone
disease and health by providing high spatial resolution images. Manual segmentation
of bone in large volumes of data provided by SPCCT is a time-consuming process.
By semi-automating segmentation, bone health can be assessed in a faster and less
user-dependent manner.
3.2 Introduction
MARS spectral photon counting computed tomography (SPCCT) has recently been
introduced as a robust medical imaging technique to assess and quantify the bone
mineral density and morphology Leary (2016). MARS small-bore scanners allow scan-
ning, not only the full length of small animals (rats, mice) in-vivo Ostadhossein et al.
(2019), but also excised specimens of human or animals Stamp et al. (2019); Panta et al.
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(2018); Amma et al. (2019). This non-invasive and non-destructive imaging modality
enables the reconstruction of acquired images with small isotropic voxel sizes ranging
between 70 µm-150 µm. The system provides high spatial resolution images see (2.4.1)
and is able to resolve trabecular and cortical structure Boutroy et al. (2005); Buie
et al. (2007). Moreover, SPCCT provides images with material composition, such as
water-like, lipid-like, and bone-like images, as well as quantified material information
(mg/cm3). These material properties can provide clinicians with information about
bone quality.
Different bone diseases can lead to structural and mineral density changes within the
bone tissues. These changes within each compartment of bone can determine the
specific disease. Discriminating cortical and trabecular bone is the primary phase in
assessing bone quality and health. For example, in the early stages of osteoporosis, the
mineral density of the trabecular bone starts to decrease and the porosity of trabecular
bone tends to increase Osterhoff et al. (2016). The incorporation of dense compact
bone with high mineral density can lead to overestimation and not determining this
disease in an early stage. Therefore, the development of new methodologies to accu-
rately quantify the quality and health of the bone tissues within the dataset with large
volume is of great importance in both clinical and pre-clinical research.
The reference standard for segmentation was the slice-by-slice hand contouring method
Laib et al. (1998). Dual threshold segmentation was reported for processing bone spec-
imens from micro-CT data Buie et al. (2007); the two thresholds have been set up to
identify periosteal and endosteal surfaces of the cortex. Therefore, those images can
be broken down into cortical and trabecular regions. This approach can lead to inac-
curate results in the growth plate regions, and on irregular bones, the thresholds need
to be modified compared to regular bone Buie et al. (2007). Zebaze et al. (2013) used
an automatic selection of an attenuation profile that extracts the transitional zone,
cortical bone and trabecular bone. This method can lead to overestimation of the
transitional zone when it is thin Zebaze et al. (2013). Janc et al. (2013, 2011) used a
genetic algorithm for distinguishing cortical and trabecular bone; although this method
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was considered as a robust segmentation method, the only limitation was the choice of
processing filter chain Janc et al. (2013, 2011).
The active contour method was used in the first part of this study. The active con-
tour method was used as a tool to segment the biological dataset Andrey and Boudier
(2006); Hemalatha et al. (2018). The study in the current chapter aimed to establish
a semi-automatic method for bone measurements based on material images acquired
by MARS SPCCT using the active contour method Andrey and Boudier (2006). A
comparison between image segmentation using the active contour method and the
hand-contouring method is discussed. The inter-reader and intra-reader measurements
have been reported.
The second part of this chapter employs combined usage of weka-segmentation tool
Arganda-Carreras et al. (2017) in ImageJ and an image processing method to segment
bone compartments. The results acquired were compared with the outcomes from the
active contour method.
3.3 Materials and methods
3.3.1 Image acquisition
3.3.1.1 MARS SPCCT
MARS small-bore scanner (MARS-11 v5, MARS Bioimaging Ltd., Christchurch, New
Zealand) was used to scan the animal specimens. The camera is made of three CdZnTe
Medipix3RX semiconductors that together make a camera array of 3 by 1.
3.3.1.2 Samples and imaging parameters
In this study, we used 10 excised sheep bone specimens. The specimens were either
excised from the tibia or femur part of the skeleton. Before scanning the specimens,
the custom-built calibration phantom with water (soft tissue equivalent), lipid (fat
equivalent) and different concentrations of HA (bone equivalent; 54.3, 104.3, 211.7,
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402.3, and 808.5 mg/cm3) was scanned. The samples was imaged under the bone
protocol set by a previous PhD student Ramyar (2017)(118 kVp tube voltage, 26 µA
tube current, 220 ms exposure time). Images were reconstructed at 90 µm voxel size
with four energy bins (30-45, 45-60, 60-75, 75-118 keV).
3.3.1.3 Material decomposition
For each material, reconstructed images were analysed to determine the effective mass
attenuation coefficient. These parameters were used as material decomposition basis
for decomposing the excised samples into water-like, lipid-like, and HA-like materials
using MARS material decomposition algorithm Bateman et al. (2018); Knight (2015).
3.3.2 Segmentation methods
3.3.2.1 Manual segmentation
In this study, we used HA-like (calcium) material images. To segment the cortical and
trabecular bone, 70 slices (covering the specific part of the bone with trabecular bone
and cortical bone) were chosen for each excised sample.
3.3.2.2 Active contour
As the first step in segmenting bone into its tissues, we seeded the points near the
ROIs. Then, the active contour algorithm embedded in ImageJ was applied to the
images to get the segmentation of the ROIs.
To segment the cortical and trabecular parts of the bones, the process is as follows:
The cross-sectional HA-like decomposed images are changed into 16-bit images from 32-
bit and contrast was adjusted to provide more visual distinction between the borders
of gradient changes in the image. After preparing the image, active contour plugin
in ImageJ (version v1.52 v) Andrey and Boudier (2006) was used to segment bone
compartments. The first step was to identify the value of the gradient which is well
suited to snap the contours to the borders of the compartments, achieved by trial and
error on several datasets. Then the second step was to define the number of iterations
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for each point. This allows the contour surrounding the desired ROIs of the bone to be
within the defined part. Optimal values for gradient and iteration value were set for the
cortical and trabecular interface for femur and tibia separately. After setting up the
values, the initial contour was drawn outside the cortical bone to surround the whole
bone. Then, the trabecular initial contour was set; a circular region of interest inside
the trabecular bone was drawn and the initial points were set to surround the trabecular
part as much as possible. The optimal interpolation between slices was observed based
on the voxel size. As the images were acquired at 90 µm voxel size, ROIs are changed
every 5 slices, so the interpolation of ROIs was set to every 5 slices. In each step of
the contouring, the selected ROIs were checked and in the case of a faulty selection,
the contour was edited by hand contouring method. After having both trabecular and
total contours, the ROIs were subtracted to get cortical contours. This procedure was
applied for 10 sets of scans. Two different observers analysed the four datasets to
assess the inter-reader correlation. The observers analysed the datasets using manual
segmentation and the active contour method to assess the correlation. These analyses
helped us to assess the reproducibility and the accuracy of the measurements acquired
by this method.
3.3.2.3 Trainable weka segmentation
The trainable weka segmentation (TWS) is an open-source software Arganda-Carreras
et al. (2017) a built-in plugin, embedded in free-access software ImageJ which incor-
porates an open-source image processing platform Fiji Schindelin et al. (2012) and
machine learning algorithm Arganda-Carreras et al. (2017). In this section, a TWS
plugin was used to semi-automate the segmentation of the cortical and trabecular bone
from MARS SPCCT images (Figure 3.2. Each pixel based on their pixel intensity is
defined into different classes, that is, the cortical, trabecular and background classes.
Before the segmentation process starts, we defined initial pixels for each training class.
To cover possible intensity differences in each class (for example, the cortical intensity
can change because of bone thinning in the epiphysis part of the bone in the vicinity of
bone and cartilage), we selected different series of pixels in different parts of the defined
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classes. This was to increase the accuracy of the segmentation and prevent misclas-
sification. After assigning each class, the suitable training feature was investigated
to get an accurate classification. As the acquisition setting of the scanner for bone
imaging is standardised, the output bone images should represent the same character-
istics. Therefore, the optimal training feature was investigated using several datasets.
Applying different training features and combined features on the different datasets
revealed the suitability of the Gaussian blur filtration as a noise reduction filter. Fast
random forest algorithm as a machine learning method was employed to allocate pixels
of images into different classes based on the training feature and the labelled pixels.
This algorithm consists of several decision trees, each series of pixels were randomly
selected during building trees and during the splitting of the nodes, random subsets of
attributes will be selected. The 200 trees of the random forest algorithm were chosen
for training the dataset.
Segmentation of the cortical and trabecular parts of the bones and measuring their
structural information and mineral density is outlined as shown in Figure 3.1. This
process consists of several steps:
• The HA-like decomposed images were loaded in the user interface of the TWS,
two classes were defined. The first class was defined for cortical bone selection
and the second class was considered to contain trabecular bone and air. After
pixel selection for each class, the training was applied by a fast random forest
algorithm after applying Gaussian filtration. After training, all slices in the stack
were checked for misclassification.
• The cortical segmented part as an outcome of TWS were converted into binary
images. Then cortical thickness was measured.
• Next, the binary cortical segmented images were rescaled to 32-bits. This sets the
cortical part to zero values and the background to not a number (NAN). These
images were subtracted from original bone-like images to measure the cortical
mineral density and content.
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• To segment the trabecular part, the binary images were inverted and rescaled to
32-bit images. This will set the cortical part to NAN and the background, which
contains the trabecular bone, to zero values. The outcome was the trabecular
bone along with the cortico-trabecular junctional zone.
• The next step is to segment the trabecular bone from the cortico-trabecular junc-
tional zone by setting the pixels into two different classes. Then the segmented
part of the trabecular was subtracted from the original bone images to get the
trabecular images.
• The final step was to measure the trabecular morphological parameters, mineral
density, and mineral content.
Figure 3.1: A schematic diagram of the segmentation process using trainable weka segmentation tool.
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Figure 3.2: Segmentation of the bone tissues to measure mineral density, mineral content, macro
and micro structure using trainable weka segmentation tool and image processing.
3.4 Statistical analysis
Intraclass correlation coefficient (ICC) was used to analyse intrareader reliability, and
to test the accuracy. Based on the 95% confidence interval of the ICC estimate, values
less than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and greater than 0.90 are
indicative of poor, moderate, good, and excellent reliability, respectively Koo and Li
(2016). ICC estimates and their 95% confidence intervals were calculated using SPSS
statistical package version 25 (SPSS Inc, Chicago, IL) based on absolute-agreement,
2-way mixed-effects model. To assess the differences of the measurements using two
proposed methods, Bland-Altman plots, linear regression plots and root-mean-square
error were used. A two-tailed Student’s t-test with a significance level of 0.05 was used
to check if the linear regression slopes and intercept were significantly different from
the line of equality (slop=1, intercept=0) Buie et al. (2007).
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3.5 Results
Segmentation using active contour and manual segmentation on the same datasets
was applied to evaluate the accuracy of the analysis acquired by the active contour
method. An excellent correlation coefficient between cortical and total mineral density,
mineral content, and volume was observed; whereas the information acquired from the
trabecular tissue indicated good to excellent correlation (Table 3.1). The reason for the
trabecular correlation can be related to the trabecular structure in some specimens. In
some specimens, we did not have a complete trabecular structure as shown in Figure
3.2. Using the active contour method, some part of the trabeculae encapsulated by
the marrow part was not considered; whereas in the manual segmentation, we did not
exclude that region.
Table 3.1: ICC correlation of the bone mineral density, content and volume measurements of
different tissues in four sheep femur specimens using active contour and manual segmentation.
Tissues ICC
BMD BMC Volume
Cortical 0.97-0.99 0.96-0.99 0.98-0.99
Trabecular 0.60-0.89 0.69-0.84 0.68-0.90
Total 0.93-0.99 0.99 0.9-0.96
p value < 0.05 < 0.05 < 0.05
To assess the reproducibility (inter-reader correlation) of the measurements using the
active contouring method, ICC was applied on the measurements obtained by two
different users. An excellent correlation was observed in cortical BMD measurements
(0.94- 0.97). Total BMD measurements showed good to excellent correlation (0.88-
0.99), while the trabecular BMD indicated moderate correlation coefficient (0.64-0.75)
at 95% confidence level considering each slice (Table 3.2). The p-value for all correlation




Table 3.2: inter-reader reproducibility of bone mineral density measurements of different tissues
from four sheep femur specimens using active contour
Variables ICC
Femur 1 Femur 2 Femur 3 Femur 4
Cortical BMD 0.99 0.97 0.94 0.97
Trabecular BMD 0.73 0.64 0.75 0.65
Total BMD 0.89 0.99 0.88 0.99
p value < 0.05 < 0.05 < 0.05 < 0.05
Quantitative comparison between outcomes of proposed methods (semi-automatic seg-
mentation using active contour and TWS) was measured using the Bland-Altman test,
linear regression plots, and root-mean-square error (RMSE). The linear regression ap-
proach demonstrated the regression of the active contour method to the TWS method
(machine-learning based segmentation). The regression line indicates strong agreement
between proposed methods when the slope and intercept are equal to one and zero,
respectively Magari (2002). The estimates of the agreement between different mea-
surements using two methods are shown in Table 3.3 are based on two-tailed Student’s
t-tests. Slope one and intercept zero was considered as a null hypothesis. When the
slope is considered equal to one, the calculation of the p-value follows the formula
proposed by Magari (2002) as shown in Equation 3.1.
t = β − 1
sβ
(3.1)
Where the β is the slope value and sβ is the standard error of the estimated value. The
P-value was calculated from two-tailed t-tests where the degree of freedom was consid-
ered as the number of measurements minus two. P-values of the intercept and slope
are greater than the significance level for all the morphological measurements (cortical
thickness, trabecular thickness, trabecular spacing), and mineral measurements includ-
ing cortical BMD and BMC, trabecular BMD and BMC. This indicates we fail to reject
the null hypothesis. However, the root-mean-square error for the cortical thickness and
the trabecular spacing showed greater value; similar results were also observed using
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the Bland-Altman plot test where the difference is considered statistically significant
for two measurements. Figure 3.3 and 3.5 showed there were no proportional biases.
Table 3.3: Agreement of bone compartments measurements based on machine learning and
active contour. The significance level is determined at 95% confidence level with the null
hypothesis intercept=0 and slope=1.
Measurements Parameter Estimate P-value RMSE
Cortical BMD Slope 0.95± 0.05 0.8
0.01
Intercept 0.05± 0.04 0.2
Cortical BMC Slope 1.00± 0 0.65
<0.01
Intercept 0± 0 0.8
Cortical thickness Slope 0.94± 0.08 0.6
0.4
Intercept 0.18± 0.22 0.4
Trabecular BMD Slope 0.8± 0.10 0.7
0.04
Intercept 0.10± 0.17 0.5
Trabecular BMC Slope 0.95± 0.11 0.75
0.03
Intercept 0± 0.02 0.6
Trabecular thickness Slope 0.81± 0.45 0.5
0.06
Intercept 0± 0.18 0.1
Trabecular spacing Slope 0.98± 0.07 0.07
0.13
Intercept -0.06± 0.08 0.5
60
3.5. Results
Figure 3.3: Bland-Altman plot measuring the differences between cortical properties using active
contour and weka-segmentation method. (a) Cortical bone mineral content. (b) Cortical bone
mineral density. (c) Cortical thickness. Each data-point is the average of 70 slices.
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Figure 3.4: The linear relationship graphs between the measurements acquired using weka-
segmentation tool and active contour method. (a) Cortical bone mineral content. (b) Cortical
thickness. (c) Cortical bone mineral density. Each data-point is the average of 70 slices. The p
value refers to r.
Figure 3.5: Bland-Altman plot measuring the differences between cortical properties using active
contour and weka-segmentation tool method. (a) Trabecular bone mineral content. (b) Trabecular
bone mineral density. (c) Trabecular spacing. (d) Trabecular thickness. Each data-point is the
average of 70 slices.
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Figure 3.6: The linear relationship graphs between the measurements acquired using weka-
segmentation tool and active contour method. (a) Trabecular thickness. (b) Trabecular spacing.
(c) Trabecular mineral density. (d) Trabecular mineral content. Each data-point is the average
of 70 slices. The p value refers to r.
Two different operators evaluated the reproducibility of this algorithm. The ICC score
was defined for each measurement. ICC is excellent for properties measured in the cor-
tical tissue. Assessing the measurements of the trabecular features showed an excellent
correlation in BMC, good correlation in BMD and moderate correlation in thickness
and spacing measurements (Table 3.4).
Table 3.4: Intrareader reproducibility of bone mineral density, content and thickness measure-
ments of different tissues from four sheep femur specimens using the machine learning method
BMD BMC Thickness Spacing
Cortical Trabecular Cortical Trabecular Cortical Trabecular Trabecular
ICC 0.98 0.78 0.98 0.95 0.97 0.59 0.57
p Value < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 > 0.05 > 0.05
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3.6 Discussion
A separate analysis of the trabecular and cortical bone in the clinic is of great impor-
tance. The larger volume of dataset acquired from MARS SPCCT requires tools to
segment cortical and trabecular bone. This will decrease the time of analysing by the
operator. Two semi-automatic segmentation methods have been proposed based on the
active contour and machine learning algorithm. These methods have shown effective
segmentation of bone tissues in ten analysed datasets (70 slices have been chosen from
each dataset).
The active contour method allows a user to define the seeds, gradient, and iteration
based on the input images. The operator can adjust the interpolating function based
on the thickness of the slices where there are negligible changes between slices, thereby
reducing the contouring time. There are some limitations to this method. Firstly,
using this method where there are two bones in the same slice will cause the contour
to attach to unwanted regions. Secondly, if the cortical bone is thin while segmenting
the trabecular bone, the contour might encapsulate the cortical bone along with the
trabecular region. The other limitation of this method is the definition of gradient
and iteration values based on a different dataset. Therefore, if the inputs are not good
enough to contour the ROIs, the manual correction should be done by the user. Hence,
the active contour method is subject to operator bias. Nevertheless, the results in this
section indicated a good to an excellent correlation between measurements of cortical
and trabecular density, respectively, done by two different operators. However, this
method was used on the images that contain only one bone, and where there is rea-
sonable cortical thickness. Therefore, the leakage of the contour to other bones and
leakage of the contour outside the trabecular bone was not considered. This method
remains semi-automatic and selecting the best gradient and number of iteration times
will be time-consuming, and operator dependent. Additionally, the measurement of
the trabecular structural properties will be on the manual threshold method, which
leads to different results analysed from the different users.
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The machine learning approach using the weka-segmentation tool in ImageJ only re-
quires the user to interactively select some points in the cortical and trabecular re-
gions. The fast forest algorithm embedded in the tool will segment different regions.
The process of the segmentation of the bone tissues from original images to measure
the density is set to be done automatically. During the cortical segmentation using
the machine learning method, the interface between the background and cortical bone
(periosteal surface, cortico-trabecular zone) are not considered as a cortical part. This
could affect the surface of the cortical shell in the output mask compared with the
active contour algorithm when the user defines the ROIs. This could explain the
increased RMSE and a significant difference with respect to cortical thickness mea-
surements using different methods. There is a statistically significant difference in the
measurements of trabecular bone mineral density, thickness, and spacing between the
two segmentation methods. Regarding trabecular mineral density, the active contour
method will contour the whole trabecular part which contains zero voxel value. How-
ever, the machine-learning method is not considering the zero voxel values when it is
calculating the mineral density. Regarding trabecular thickness and spacing, the active
contour method is measuring these parameters based on the manual Otsu threshold.
The machine-learning method is segmenting the trabecular part and measuring the
thickness without manual thresholding. Using the machine-learning method, the user
should assign the regions to every class carefully to bypass the segmentation problems.
Even though the methods in this study were used on several slices of the bone of interest,
the segmentation of the whole bone is possible using both methods. The methods
described in this study can reproduce segmenting bone compartments and quantify
the morphological and structural information of the bone compartments. Additionally,
from a feasibility point of view, both algorithms are user-friendly. Using the weka-
segmentation method demonstrated improved qualitative assessment in terms of bone
tissues structural and morphological over the active contour method.
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3.7 Summary
• Two different approaches were compared to segment the bone tissue compart-
ments. Active contour and weka-segmentation tools were utilised using ImageJ.
• The method which employs the active contouring algorithm requires gradient and
iteration number input from the user. These variables need to be acquired by
trial and error. Therefore, will increase the time of analysing.
• The cortical and trabecular morphological parameters can be measured by man-
ual Otsu thresholding using the active contour method. Therefore, this may
introduce the user error.
• The results of the mineral density measurements in bone tissue are reproducible
using the active contour method. However, structural measurements could vary
between different users or the same user analysing the datasets on different days
due to manual thresholding.
• Weka-segmentation tool utilises fast random forest algorithm to segment the
defined ROIs. The original image can be subtracted from the segmented part
leaving the defined part behind.
• To measure the cortical and trabecular structure, manual thresholding was not
required for the weka-segmentation method. Thus, users will not have any influ-
ence over the results.
• The results of the weka-segmentation tool in terms of mineral density and struc-
tural information was reproducible.
• Due to the semi-automatic nature of the process, semi-automatic segmentation
reduces user dependence on the results.
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Pre-clinical and clinical evaluation
of bone features
Site-specific bone mineral density has been considered as a criterion of bone quality to
detect metabolic bone disorders, such as osteoporosis Pickhardt et al. (2011). However,
bone macrostructure and microstructure can be an additional indicator of the bone
strength Burstein et al. (1976); Barou et al. (2002). This study describes the potential
utility of MARS spectral photon counting CT in monitoring bone quality and structure.
The ability of photon counting CT to observe and detect changes in the bone mineral
density and structural attributes was studied. The first part of this study was done on
the sheep samples for the pre-clinical phase. These studies were conducted to evaluate
the performance of the MARS SPCCT to detect bone structure and density changes.
The method has been translated to the clinical level by scanning a patient’s wrist to
detect bone abnormalities and study bone mineral density profiles in different regions
of interest.
4.1 Significance
Assessment of bone mineral density and structure is fundamental for studying bone
strength and quality Mittra et al. (2005). The capability to assess these changes at an
early point plays an important role in diagnosing bone disorders where bone loss and
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structural deterioration occurs. These assessments will provide information to create
a treatment plan based on the severity of the disease.
4.2 Introduction
The human skeleton is comprised of bone, cartilages, and ligament tissue. Bone consists
of two major tissues, namely cortical and trabecular. The mineral content within these
tissues is an important indicator of the bone quality Kranioti et al. (2019). Addition-
ally, the structure of these tissues gives insight into the bone strength and is reported
to be an informative factor to detect bone disorders Barou et al. (2002); Osterhoff et al.
(2016). Osteoporosis is considered as a bone disease associated with low bone mineral
density and degradation of the bone structure of Health et al. (2000). These changes
can lead to a decrease in bone strength and an increase in fragility fractures which
subsequently will increase the mortality rate Center et al. (1999). Brown et al. (2007)
reported that the incidence of fractures associated with osteoporosis will increase to
120,000 people by 2020 causing 1.15 billion dollars per annum in health costs.
The advent of new imaging modalities allows for the noninvasive study of bone macro-
and micro-structure and mineral density Link (2010). The bone mineral density (BMD)
in common fracture sites, such as the femoral neck and spine is assessed using Dual-
energy x-ray absorptiometry (DXA) Syed and Khan (2002). However, this modality is
only providing the areal BMD without considering the depth factor, besides obscures
the information where there are several tissues which overlap Griffith and Genant
(2011). Additionally, this imaging technique is not able to resolve bone tissues (cor-
tical and trabecular); so if the mineral loss happens just in trabecular tissue it can
not be detected Brismar et al. (2001); Griffith and Genant (2011). Although BMD
measurement is considered as an important criterion for bone strength, and fracture
risk assessment, this criterion only accounts for partially defining the bone strength
Rizzoli and Ammannn (2003). Indicating the bone structure should also be taken into
account while assessing bone strength Judex et al. (2003); Pothuaud et al. (2002).
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There are CT, MRI, and ultrasound-based imaging modalities that can be used for
quantitative and qualitative assessment of the bone. Quantitative computed tomogra-
phy (QCT) provides the 3D images of a bone with the ability to discriminate cortical
and trabecular bone Genant et al. (2008). However, the resolution is not high enough
to resolve detailed micro-structure Genant et al. (2008). Another disadvantage of this
modality is its dose compared to DXA Donnelly (2011).
Peripheral quantitative CT (pQCT) provides BMD measurements and quantitative as-
sessment of the cortical bone in the distal tibia and radius Stagi et al. (2016). Although
this imaging modality has a lower radiation dose compared to QCT, it has a relatively
slow scanning process, increasing the motion artefact, and can not be used in common
osteoporotic sites such as the femur and spine. High resolution peripheral quantitative
CT (HRpQCT) can resolve the cortical and trabecular bone Boutroy et al. (2005) with
effective radiation dose compared with multi-detector CT. However, the partial volume
averaging will occur in the bone with 50 µm thickness Griffith and Genant (2011). In
addition, this imaging modality cannot be used in the common osteoporotic sites and
needs a dedicated CT scanner which makes it expensive Griffith and Genant (2011).
Micro-CT provides detailed structural information along with the BMD measurements
but this modality is restricted to preclinical research Rüegsegger et al. (1996).
MRI can be used as an imaging technique with no radiation dose to provide informa-
tion about bone marrow, which is not possible with other imaging modalities Grif-
fith and Genant (2011). However, the trabecular thickness measured from MRI was
found to be three times greater than the measurements from HRpQCT Kazakia et al.
(2008). Quantitative ultrasound can measure the density and structure of bone using
broadband ultrasound attenuation (BUA) and ultrasound velocity (UV), respectively
Naseri Kouzehgarani (2012); Chin and Ima-Nirwana (2013); Dhainaut et al. (2016).
MARS spectral photon counting CT is able to assess the volumetric bone mineral den-
sity and bone architecture at 70-150 micron voxel size simultaneously Rajeswari Amma
(2020). This technology provides site-specific BMD regardless of the position of the
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bone. Furthermore, the voxel size is reasonable to resolve the trabecular bone, al-
though it is not enough to visualise the fine structures as much as micro-CT. However,
unlike micro-CT, this imaging technology is not destructive and imposes less radiation
dose compared with conventional CT. Bone mineral content and morphology obtained
from spectral photon counting CT showed comparable results to DXA and HR-pQCT,
respectively Ramyar (2017).
In this chapter, we aimed to study the sensitivity of the MARS spectral photon count-
ing CT to detect bone changes. Firstly, BMD was measured during a decalcification
process. Secondly, structural and density changes within the sample after freezing were
studied. Finally, the effect of the muscle and lard thickness and field of view on the
attenuation and the quantification of calcium hydroxyapatite was assessed.
4.3 Materials
4.3.1 Phantom study
Prior to scanning the samples in the pre-clinical scanner, the customised calibration
phantom with different concentrations of calcium hydroxyapatite (54.3, 104.3, 211.7,
402.3, and 808.5 mg/cm3), along with water and oil was scanned as a surrogate for
bone, muscle (soft tissue), and fat, respectively.
4.3.2 Specimens
Sheep femur samples were used in the pre-clinical studies. To assess the effect of
freezing on the bone property measurements a sheep femur sample was used. To assess
the capability of MARS SPCCT to track bone loss four sheep femur samples were used.
4.3.2.1 Imaging protocol
Pre-clinical studies were performed using a small-bore spectral photon counting CT.
The charge summing mode was used to eliminate the charge sharing effect while op-
70
4.4. Experiments and results
erating in the single-pixel mode 1.5. This will help to get better spectral response
Ballabriga et al. (2013) and spatial resolution Panta et al. (2014). The imaging proto-
col for scanning the calibration phantom and the specimens were chosen based on the
previously set protocol for bone imaging Ramyar (2017). The four charge summing
mode counter thresholds (30, 45, 60, and 78), and x-ray tube voltage, current, and
exposure time were set at 120 kVp, 26 µA, and 220 ms, respectively.
4.3.2.2 Reconstruction and material decomposition
Photon counting detectors can resolve the energy of each photon and assign different
energy thresholds during the acquisition. The images were reconstructed in narrow
energy bins (30-45, 45-60, 60-78, 78-118 keV) at 90 µm voxel size using the iterative
algorithm. The spectral attenuation enables the discrimination of the materials based
on their linear attenuation profile at each energy range. To decompose the raw data
(energy images) into its components the mass attenuation of each material inside the
calibration phantom was calculated. The basis functions were acquired for the mate-
rial decomposition (MD) method. These basis values were applied to the biological
sample images to decompose them into their components and measure bone density
and architecture from the decomposed bone channel.
4.4 Experiments and results
4.4.1 Assessing the effect of the freezing on bone properties
To study bone properties in the pre-clinical stage, most of the samples have to be
frozen. For instance, in the case of shipping samples from overseas the samples were
kept frozen until the scan. To measure the possible changes in the measured bone
properties due to the freezing, we scanned a sheep femur both in a fresh and thawed
state. The frozen sample was kept at -20 ℃ and thawed for 24 hours.
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4.4.1.1 Results
Seventy slices were chosen in the frozen and thawed bone images, considering the
same site of the bone. Spectral images (energy images) were decomposed to generate a
calcium-like channel to measure the bone properties. The results indicated the variation
of bone properties within the frozen bone which could be due to the presence of ice
particles that caused increased attenuation. Mineral density measurements showed
increased cortical mineral density. Although the mineral density in total BMD and
trabecular BMD increased in the frozen bone, the changes were not significant (Figure
4.1a). Cortical thickness measurements decreased in frozen bone, however, this change
was not prominent (Figure 4.1b). Trabecular thickness increased in the frozen bone
and consequently trabecular spacing measurements decreased (Figure 4.1b,c).
Figure 4.1: Quantification of bone mineral density and macro-micro architecture. (a) Morphology
measurements of the bone compartments. (b) Mineral density measured within cortical, trabecular,
and total bone.
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4.4.2 Monitoring BMD changes by decalcification
For studying the sensitivity and detection of the changes in BMD using spectral pho-
ton counting CT (SPCCT), four sheep femurs separately were dissolved in 50mL of
10mM nitric acid to decalcify. The biological samples were scanned at different time
intervals (0, 3, 6, and 10 days). At each interval, the acid solution was taken for atomic
absorption spectroscopy (AAS) and the bones were scanned to measure mineral den-
sity and content using SPCCT. After each scan, the bones were placed within a fresh
acid solution and stored until the next time frame. The bone mineral content within
solutions (mg/ml) acquired by AAS were correlated with BMD measurement obtained
using SPCCT.
4.4.2.1 Results
Figure 4.2a shows the measured concentration of HA within the bone samples using
MARS SPCCT and Figure 4.2b shows the calcium concentration within the nitric acid
solutions using AAS. The mineral loss was observed by analysing the nitric acid solu-
tions and the results showed at different time points the amount of calcium is increasing
in the solutions. On the other hand, mineral density decreased within the bone samples
as the decalcification approached 16 days. The amount of calcium changes detected
by AAS was greater than the mineral concentration measured in bone specimens using
MARS SPCCT. This might be due to the analysis of the specific site of the bones (70
slices, 6.3 mm within 384 slices over the 34.5 mm scan length) using MARS while the
nitric acid solutions considered the whole decalcified calcium solution. These results
indicated the SPCCT is able to detect the decreased mineral density and it could be
used to diagnose bone diseases. Figure 4.3 shows a 3D map of the decalcified bone
using MARS SPCCT.
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Figure 4.2: Quantification of the bone mineral density. (a) Mineral density measured within the bone
specimens after decalcification in each interval using MARS (SPCCT). (b) Calcium density measured
within the nitric acid solutions in each interval using AAS.
Figure 4.3: Visualisation of the decalcified sheep femur in 2.5% nitric acid solution using SPCCT. (a)
prior to decalcification, (b) 3 days after decalcification, (c) 6 days after decalcification. (d) 16 days
after decalcification.
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4.4.3 Assessing the effect of different thickness of lard and
muscle on the measured HA concentration
To assess if the measured HA concentrations can be changed by the fat and muscle
thickness, different thicknesses of lard (11.92, 27.31 and 34.88 mm) and muscle (6,
16 mm) were wrapped around the known HA concentrations embedded within the
perspex. This study also helped us to assess the FOV effect on the measured HA
concentrations. This study was done on the known values of the HA concentrations.
Therefore, we can determine the effect, regardless of the discrepancies we can have
while scanning a biological sample. That is, if the biological sample dried out during
the scan, our experiments would show that this would not impact the BMD measure-
ments. Also, for each layered experiment, a reference phantom with the same field of
view (FOV) was scanned to rule out the effect of FOV on the measurements.
4.4.3.1 Results
Table 4.1 shows the measured value of different concentrations of HA rods at different
FOVs. The results show that increasing FOV tend to decrease the measured concen-
tration. The increase of the measured concentrations at 78 mm FOV can be explained
by the improvement of SNR.
Table 4.1: Assessing of the effect of different FOVs on measured HA concentrations (mg/cm3).
Field of view camera translation HA 54.3 HA 104.3 HA 211.7 HA 402.3 HA 808.5 HA 1169.3
Phantom 32 one 54.4± 6 96.3± 6 221.4± 7 404.1± 9 809.1± 12 1174± 11
Phantom 55 one 46.8± 4 95.6± 5 206.2± 2 399.3± 5 803.2± 5 1165.2± 9
Phantom 78 two 62.1± 2 122± 7 221.8± 3 422.1± 2 831± 11 1180.8± 8
Phantom 92 two 50.9± 1 94.3± 3 199 ± 3 386.8± 4 804.9± 6 1172.2± 7
Table 4.2 shows that when the basis vectors acquired from the reference phantom
(without lard layer) were applied to the phantom with layers of lard, their concentra-
tions were underestimated. Applying the vectors acquired from the phantom itself also
showed underestimation of the measured concentrations at 55 mm and 92 mm FOV.
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Low concentrations were significantly underestimated. However, the measurements
acquired from 78 mm FOV was overestimating the measurements.
Table 4.2: Assessing the effect of different thickness of lard ( (a) 11.92, (b) 27.31, and (c)
34.88 mm)) on the measured concentration (mg/cm3) of known materials. a is showing the
measurements acquired by applying the basis vectors from the dataset itself, and b is showing
the measurements acquired by applying basis vectors from the reference phantom.
(a) Measured HA concentration (mg/cm3) with 11.92 mm thickness of lard at 55 FOV
HA 54.3 HA 104.3 HA211.7 HA 402.3 HA 808.5 HA 1169.3
a 34.9± 7 83.6± 4 201.5±7 388.2 ± 9 796.7± 13 1162.7± 8
b 15.6± 4 49.4± 4 157.4± 6 313.1± 8 655.9± 11 965.4± 8
(b) Measured HA concentration (mg/cm3) with 27.31 mm thickness of lard at 78 FOV
HA 54.3 HA 104.3 HA211.7 HA 402.3 HA 808.5 HA 1169.3
a 77.1± 4 128.5± 8 231.5± 4 433.5± 5 827.3± 10 1178.1± 6
b 10.1± 2 45.5± 6 120.9± 4 265.4± 4 553.8± 8 798.1± 6
(c) Measured HA concentration (mg/cm3) with 34.88 mm thickness of lard at 92 FOV
HA 54.3 HA 104.3 HA211.7 HA 402.3 HA 808.5 HA 1169.3
a 20.0± 3 55.3± 5 161.2± 11 347.0 ± 5 809.8± 6 1132.5± 8
b 25.4± 3 67.3± 3 141.2± 5 264.1± 3 552.8± 4 763.9± 5
Table 4.3 shows that the measured concentration of the HA rods using 6 mm muscle
wrapped around was underestimated, especially when applying the basis vector values
from non-muscle phantom to the phantom that has muscle around it. For example,
considering HA 54.3 mg/cm3, applying the basis vectors calculated from the reference
phantom on the phantom with 6 mm muscle thickness, the difference between the mea-
sured HA concentration and reference HA concentration is 67.65%. Whereas applying
the basis vectors calculated from the phantom wrapped with muscle, the difference
goes down to 36.25%. The same trend can be observed in the dataset with 16 mm
muscle around the HA phantom.
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Table 4.3: Assessing the effect of different thickness of muscle ( (a) 6, and (b) 16 mm)) on
the measured concentration (mg/cm3) of known materials. a, is showing the measurements
acquired by applying the basis vectors from the dataset itself and b, showing the measurements
acquired by applying basis vectors from the reference phantom.
(a) Measured HA concentration (mg/cm3) with 6 mm thickness of muscle at 55 FOV
HA 54.3 HA 104.3 HA211.7 HA 402.3 HA 808.5 HA 1169.3
a 37.5± 6 78.6± 5 192.2± 4 382.3 ± 5 787.0± 10 1129.2± 10
b 26.8± 5 64.2± 4 167.7± 4 347.1± 5 723.8± 11 1042.7± 9
(b) Measured HA concentration (mg/cm3) with 16 mm thickness of muscle at 78 FOV
HA 54.3 HA 104.3 HA211.7 HA 402.3 HA 808.5 HA 1169.3
a 61.9± 3 121.2± 5 222.5 ± 8 425.9± 5 825.6± 8 1172.6± 11
b 10.0± 1 51.5± 4 131.3± 6 286.4± 4 596.7± 7 861.4± 7
4.4.4 Correlation of the bone features of the wrist evaluated
by SPCCT and conventional CT
The pre-clinical study of bone indicated that the spectral information could help iden-
tify bone features and soft tissues at a high spatial resolution within 70-150 µm. Also,
the results in the pre-clinical study showed that we can determine the bone mineral
density changes (see section 4.4). These achievements prompted pre-clinical research
into live human spectral imaging within a clinical radiation dose level. Panta et al.
(2018). Distal radius fractures are considered one of the most common injuries in
orthopeadic practice Koo et al. (2013). The subject in this study was a wrist of a
patient who had a fracture located at the scaphoid waist. Informed consent had been
obtained along with ethical approval (approval no: 18/STH/221 from the NZ Ministry
of Health (MoH), Health and Disability Ethics Committee). Bone, water, lipid density,
and Hounsfield units were measured in seven regions of interest within the scaphoid
and compared with conventional CT Hounsfield units to detect any edema and bone
loss in the vicinity of the fracture. The material densities were measured in the ul-
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tra distal radius towards the distal radius and correlated with the CT Hounsfield units.
Lee et al. (2013) and Schreiber et al. (2011) showed that HU values correlated with
mineral density values. The calcium density, water density, and lipid density were
evaluated in the ROIs within 7 slices in SPCCT (Figure 4.4b). The Hounsfield units
acquired by conventional CT were measured in the same ROIs within one slice (Figure
4.4a). The slice thickness of CT was 0.625 while in SPCCT was 0.09.
Figure 4.4: (a) Conventional CT images of the wrist and seven different ROIs on the scaphoid, (b)
SPCCT energy image (45-55 keV) of the wrist with defined ROIs on scaphoid.
4.4.4.1 Results
The Hounsfield units measured in each energy bin in the fifth ROI are negative. This
means the materials in this ROI tend to be less attenuating than water. This can be
correlated with an increase in lipid concentration in ROI 5, as shown in Figure 4.5.
The Hounsfield unit in region six is greater than other regions, indicating a higher con-
centration of calcium. Another reason for such high measurements in that region could
be related to the artefact created by the screw. While the screw was removed from
material decomposed images to some extent, the Hounsfield units values suggested a
greater value for the region.
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Figure 4.5: Analysis of the six specified ROIs at scaphoid and one region in lunate. (a) Calcium density
(mg/cm3) from SPCCT. (b) Water density (mg/cm3)from SPCCT. (c) Lipid density (mg/cm3) from
SPCCT, and (d) Hounsfield unit for conventional CT in seven regions of interest.
The material composition in the fracture site was assessed and the results were com-
pared with CT numbers of the conventional CT (Figure 4.6, 4.7).
Figure 4.6: (a) Three different ROIs in fracture site at Conventional CT images in coronal view, (b)
Three different ROIs in fracture site at SPCCT images in coronal view at second energy bin (45-55
keV).
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Figure 4.7: Measurements of the three specified regions of interest at waist. (a) Calcium density
g/cm3 from SPCCT. (b) Water density g/cm3 from SPCCT. (c) Lipid density g/cm3 from SPCCT.
and (d) Hounsfield unit for conventional CT.
The results from CT numbers correlated with quantitative values of the SPCCT images
which indicated the concentration of lipid in ROI 3 (Figure 4.8). These results implied
the feasibility of SPCCT to detect edema and bone loss in the fracture site by providing
information about different components such as calcium, water, and lipid.
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Figure 4.8: Correlation between the MARS material results and the CT Hounsfield values at the three
specified regions of interest at waist. (a) Calcium density g/cm3 from SPCCT versus CT Hounsfield
unit numbers. (b) Water density g/cm3 from SPCCT versus CT Hounsfield unit numbers. (c) Lipid
density g/cm3 from SPCCT versus CT Hounsfield unit numbers.
In this section, the material feature of the radius bone was investigated. Seven differ-
ent ROIs were selected in material images from SPCCT and conventional CT images
(Figure 4.9). The Hounsfield unit and material density information indicated increased
calcium density in region seven, whereas the negative Hounsfield units in the region six
and three measured by conventional CT indicated the presence of lipid. These results
are similar with material density measurements using SPCCT (Figure 4.10).
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Figure 4.9: (a) Seven different ROIs in radius site at Conventional CT images in coronal view. (b)
Coronal view of seven different ROIs of the radius site from the SPCCT images (45-55 keV).
Figure 4.10: (a,b,c) Material decomposed graphs from the SPCCT at seven defined ROIs, (d)
Hounsfield unit measurements at seven different ROIs using Conventional CT images.
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Ultra distal radius cortical thickness and mineral (calcium) density and content within
the trabecular and cortical bone were measured using SPCCT material decomposed
images (Figure 4.11). The cortical thickness quantified from the SPCCT images were
greater compared to the conventional CT images. The trabecular mineral content was
greater than the cortical due to the larger total volume of the trabeculae in the region.
Figure 4.11: (a) Mineral density of different tissues (g/cm3). (b) Mineral content of different tissues,
and (c) Measured thickness of the cortical using SPCCT and conventional CT.
4.5 Discussion
The characteristics of spectral photon counting CT (SPCCT) allowed for the extraction
of tissue compositional information at high spatial resolution. When an SPCCT scan
has been obtained, material decomposed images will be available to any practitioner
to quantify the specific material inside the tissue of interest. The quantification of the
materials acquired by post-processing of the SPCCT images can be done on a specific
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bone or can provide global bone information.
SPCCT imaging showed it is capable of detecting changes in bone morphology and
density. The images acquired from the frozen and thawed samples revealed differ-
ences in the measurement of trabecular thickness and spacing. This could be due to
the increased partial volume effect produced by the presence of ice in the marrow.
This information can be used to detect and monitor metabolic bone disorders or any
other diseases that could potentially change bone density and/or structure. The dif-
ferentiation between soft-tissue like, fat-like and bone-like materials provides a surgeon
preoperative knowledge of bone quality and strength. This information can be used
by a physician to plan treatment or can be used by a surgeon to change the method
of the intervention. Additionally, the high spatial resolution of SPCCT images enables
radiologists to detect micro-fractures (70-150 µm).
Regarding detecting osteoporosis, while DXA is considered as a reference standard
for BMD measurement, SPCCT offers several advantages over DXA. Material and
Hounsfield unit information using SPCCT can be obtained at the same time in a 3D
space and can be localised to any ROI. Whereas, the DXA measurements are at 2D
space and can result in overestimation in case of overlapping. The high spatial reso-
lution of SPCCT allows resolving trabecular and cortical, so the information can be
acquired in both tissues, either at the same time or separately. This capability is a
key factor in detecting a bone mineral loss in the early disease stages, as early bone
loss occurs in the trabecular bone. Additionally, this feature will help to measure the
microstructure and macrostructure of the bone, which can be used as an indicator of
bone strength.
The assessment of the reconstruction FOV on the measurements of the HA concentra-
tion showed that when there are different camera translations the chip gaps may be
compromised. The investigation of the projection images showed that the two camera
translations happened with a complete chip overlapping at 78 mm FOV. The measure-
ments of the HA concentration in the presence of lard were underestimated. However,
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the results acquired from 78 mm reconstruction FOV showed overestimation. This was
because of the decreased object to detector distance. This phenomenon should have
occur on 92 mm FOV dataset, but as the object to detector distance was increased to
prevent the object from touching the camera, we saw the same trend as the 52 mm
FOV dataset. Therefore, magnification and FOV play an important role in the quan-
tification of HA. As a result of applying the basis vectors of the calibration phantom
without muscle and lard to the phantom with muscle and lard, the concentration mea-
surement changes. Despite this, the trend of HA densities is still able to be tracked,
though they can only be roughly estimated by clinicians.
Pre-clinical results show the ability of SPCCT to detect the changes in bone properties
(see section 4.4.1, 4.4.2). These results along with other studies of the bone Ramyar
(2017); Rajeswari Amma (2020) using SPCCT show the capability of this imaging
technique to be used in clinical applications to monitor bone health and bone-related
disease. The material images acquired from a wrist using SPCCT were compared with
HU values acquired using conventional CT. In the ROI of SPCCT material images,
the lipid density appeared to increase, while the HU value of conventional CT images
decreased within the same ROI. The result shows the relationship between the HU
value of conventional CT and the material images of SPCCT. However, more research
is necessary to show the relationship between SPCCT material measurements and HU
values of conventional CT.
4.6 Summary
• A frozen and thawed femur specimen was scanned in order to assess the effect of
specimen status.
• Although the mineral density in total BMD and trabecular BMD increased in
the frozen bone, the changes were subtle.
• Cortical thickness measurements decreased in frozen bone, however, this change
was not prominent. Trabecular thickness increased in the frozen bone and con-
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sequently trabecular spacing measurements decreased.
• The results indicated the variation of bone properties within the frozen bone
which could be due to the presence of ice particles that caused increased attenu-
ation.
• SPCCT was able to detect the mineral density changes within the bone sample
at different time intervals.
• The capability of SPCCT to detect mineral loss could increase the potential usage
of the technology to detect bone disorders involving mineral density changes.
• The decalcification study showed that MARS SPCCT could detect the trend
of bone loss in several days. The results were validated by atomic absorption
spectrometery.
• Increased camera translation with complete detector overlapping lead to increased
mineral density measurements.
• Adding the muscle and fat layers to the calibration phantom can affect the mea-
surements of mineral density. Therefore, future studies should take the effect of
this factor into account.
• Mineral loss and increased fat content inside the fracture site can be detected and
visualised using SPCCT. Additionally, these results can be seen in CT Hounsfield
unit where the mineral loss happens the Hounsfield value decreases. SPCCT
was compared with clinical CT. Material decomposed information obtained from
MARS correlated with the conventional CT measurements. The correlation be-
tween lipid acquired from MARS and Hounsfield unit from CT was reported
excellent (R= -1). The minus value indicates that were the lipid concentration
increases the Hounsfield unit decreases.
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Assessment of the healing bone
This study aimed to investigate the capability of spectral photon counting CT (SPCCT)
to quantify the site-specific mineral density of healing tibiae and monitor the process
of surgically induced damage healing. The ability to track mineral density changes
and new bone formation provides essential information about the fracture type and
the effectiveness of the treatment. Six sheep underwent surgery to induce damage
in their tibiae. Sheep were categorised into the control group and the group treated
with strontium ranelate. We hypothesised that the treatment with strontium ranelate
will help the formation of new bone. The first phase of this study was to amend
the scanning protocol so that strontium ranelate could be materially differentiated
from calcium-hydroxyapatite. Secondly, the density of strontium and calcium at the
healing site of the sheep at different time points were analysed using inductively coupled
plasma (ICP) and SPCCT. The callus formation of each sheep tibia from week two to
week eight post-surgery was imaged using different imaging techniques including plain
radiographs, iDXA, and clinical single and dual-energy CT. Each imaging modality
was qualitatively compared with SPCCT. Furthermore, bone mineral content (BMC)
and density (BMD) of the callus were measured by SPCCT. BMC was compared to
the reference standard technique, iDXA.
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5.1 Significance
Bone fracture and consequential healing are key factors in the study of bone health.
For example, the healing process can be affected or suppressed by disorders such as
infection, wear particle-associated osteolysis, and traumatic injury Mazess et al. (1989);
Loi et al. (2016). Fractures have a significant impact on the quality of life of the
individual and have an economic impact on society. According to Brown et al. (2007)
the number of osteoporotic fractures could reach 115,914 cases by 2020 in New Zealand.
The occurrence of fragility fractures has reached 84,954 cases in 2007, causing 300
million NZD treating costs Brown et al. (2007). Strontium ranelate is used to increase
bone formation and as a biomarker for newly developed bone Wan et al. (2020). Non-
invasive imaging of bone will help clinicians monitor the healing/treated bone and
make a treatment plan based on the fracture type.
5.2 Introduction
Skeletogenesis is the process of bone formation during the natal stage, however, the
same process can occur in the postnatal stage as bone regeneration Ferguson et al.
(1999). Mesenchymal stem cells (MSCs) are cells responsible for bone generation and
remodelling (bone formation and resorption) Bruder et al. (1994). During the em-
bryonic stage, genes play an important role to encode bone formation, whereas, bone
repair in mature organisms is impacted by the response of the immune system to many
conditions Lehmann et al. (2005). This process will make the bone generation in pre-
natal different from the bone formation during the healing process.
Unlike the soft tissue healing process, which occurs by generating scar tissue, the bone
heals through the formation of new bone that does not generate fibrous tissue Fer-
guson et al. (1999); Marsell and Einhorn (2011). Bone healing is followed by various
and complex interaction of cells and connective tissues Kon et al. (2001); Street et al.
(2002); Gerber and Ferrara (2000); Lehmann et al. (2005). Several conditions can have
an impact on the healing process, for example, degree of mechanical stability and prox-
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imity of the fractures Loi et al. (2016); Claes et al. (2012); Giannoudis et al. (2007).
This will determine the type of fracture healing.
Secondary fracture healing- the common type of fracture- occurs in several steps. For
example, considering the healing of the cortical bone, the first phase is the creation
of haematoma between the fracture ends. This could determine the size of the callus,
initiate signals, activate local macrophages. The second step is the acute reaction to
the fracture called the inflammation phase. In this phase, growth factors, cytokines,
and chemokines will be created, and Mesenchymal Stem Cells (MSCs), osteoprogeni-
tors, and fibroblasts activated, and neutrophils and macrophages will clear the necrotic
tissue Loi et al. (2016). In the third phase, the haematoma will develop into granula-
tion tissue. The immature fibrotic extracellular matrix will deposit at the site and new
blood supplies will form Loi et al. (2016). The next phase is the formation of the callus.
The connective tissue collagen fibres will form by the maturation of the granulation
tissue; then, the fibrocartilage and woven bone will be differentiated by the progenitor
cells. Afterwards, the mineralisation of these tissues will happen resulting in the for-
mation of cancellous bone structures. The last step is the remodelling phase which will
lead to the restoration of the Haversian system and deposition of the lamellar bone Loi
et al. (2016); Carter (2002).
The process of bone remodelling is based on bone formation and bone resorption by os-
teoblast and osteoclast, respectively. Some pharmacological agents play an important
role to increase the activity of osteoblasts to decrease the possibility of fracture risk in
pathological conditions such as osteoporosis Almeida et al. (2016). Strontium-ranelate
is reported to affect both, osteoblast and osteoclasts activity Almeida et al. (2016)
which can prevent the bone loss Reginster et al. (2015). As strontium has physical and
chemical properties similar to that of calcium, it can replace calcium in the hydroxya-
patite lattice or absorb to the surface of the lattice Hughes et al. (1991).
Bone mineral properties are key factors to study bone-related diseases and can be used
in the field of orthopaedics (Mazess et al., 1989). Non-invasive imaging of bone pro-
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vides information about abnormal and normal bone healing, screening bone quality
and strength could help to determine associated bone diseases and plan treatment Aro
et al. (1989); McBroom et al. (1985); Cann (1988); Markel et al. (1991).
In this chapter, we aimed to visualise bone healing, quantify bone mineral content and
density and trace new bone formation at high spatial resolution using spectral photon
counting CT (SPCCT). We hypothesized strontium will incorporate into the newly
formed bone during the healing of the induced damage. The healing of the damaged
site was monitored spatially using clinically available imaging techniques such as con-
ventional CT, dual-energy CT, and plain radiography, and then qualitatively compared
with the SPCCT images. The BMC was measured by the reference technique - dual-
energy x-ray absorptiometry (iDXA). These results were compared with the results
acquired using SPCCT. Strontium localisation was visualised using SPCCT and the
quantification of strontium in the damaged site was done using inductively coupled




This research was carried out under the ethics approval by the Lincoln University An-
imal Research Ethics Board (Lincoln University Animal Ethics Approval (AEC 2018-
31)). In this research, two groups of healthy male sheep were used to monitor the
healing process after surgically induced damage on the tibiae bilaterally and to detect
the presence of strontium in newly formed bone. Two four-month-old sheep were used
as control and were not fed strontium either before or after surgically induced damage
of the tibiae. Four 4-month-old sheep were categorized into the experimental group.
The anaesthesia was done by intramuscular injection (IM) 10 mg/kg live weight and
Diazepam 0.5 mg/kg on induction, and then intubated with a 5.0-7.0 mm endotracheal
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tube. Isoflurane in oxygen gas inhalation, 1.5-3v/v% (volume/volume percent) was
then used to maintain anaesthesia. The sheep were placed on the surgical table in the
supine position. The site of the surgery was prepared by shaving and then applying
betadine antiseptic solution. To induce the damage on the tibiae, the soft tissue and
periosteum were raised to enhance the accessibility to the bone. Using a drill, two 4
mm holes were drilled in each tibia. One hole was filled with an implant, and the other
was left to assess the bone healing (the implant portion of the tibia was not the focus
of this thesis). After the surgical intervention the soft tissue and the periosteum was
repositioned and the wound sutured closed. Sheep were administered pain relief (Tem-
gesic (324 µg)) every 8 hours for two days. All the sheep after surgery were returned to
the animal facility and their well-being was monitored. Strontium ranelate in the form
of a gelatin capsule(33 mg/kg) was given to the experimental animals via a curved
feeding tube once two weeks before surgery, and then every two weeks post-surgery
(until euthanased).
5.3.2 Bone-specific alkaline phosphate test
Bone-specific alkaline phosphate (BALP) is considered an important biomarker to in-
dicate the bone formation related to osteoblast activity Roudsari and Mahjoub (2012).
The healing of the damage may increase the BALP activity temporarily Roudsari and
Mahjoub (2012). The serum sample of each sheep was collected before euthanasia as
the baseline. Although the serum sample of each sheep was collected on the same day-
time (every two weeks on Thursday at about 1.30 pm), day-to-day variation (due to the
different sacrificing time) and strontium treatment might have introduced a variation
in the level of the biomarkers.
5.3.3 Imaging Modalities
5.3.3.1 Plain x-ray radiography
All specimens were scanned by following clinical procedures on a Digital Diagnost
C90 (Philips Healthcare). Image acquisition was performed in two different views
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(anteroposterior and lateral) at 52 kVp with a spatial resolution of 148 µm.
5.3.3.2 Conventional and dual energy CT
All image acquisitions of the specimens were performed on a single-source spiral CT
(Discovery CT750 HD, GE Healthcare, USA).
Gemstone spectral imaging (GSI mode) technique on CT 750HD scanners operates
using fast kVp switching technique. Two kilovoltage peak values (80and 140kVp at
0.25 ms intervals) were set. The virtual monochromatic images were acquired at 90
kVp and the basis material decomposition was performed in the projection domain to
separate soft tissue and bone (water and calcium). It has been shown that virtual
monochromatic images processed in the projection domain can fully eliminate beam-
hardening artefacts Yu et al. (2012).
Single energy acquisition was operated at 140 kVp using 0.625 mm slice thickness in the
helical mode. Post-processing of the images was done using a bone plus algorithm to
enhance bone quality in the reconstructed images. The beam hardening correction was
applied on the images acquired from single energy mode, while GSI mode intrinsically
considers the beam-hardening.
5.3.3.3 iDXA
Dual-energy x-ray absorptiometry scans were performed using Lunar iDXA (GE Health-
care Lunar, Madison, WI). The Performa x-ray Tube is the basis of the Lunar iDXA
technology. This technology utilizes photon counting detectors made by cadmium tel-
luride crystals (CdTe). The photons released from the crystal generates a current pulse
with the magnitude proportional to the x-ray energy. Sensitive amplifiers increase the
signal which results in simultaneous counts of low and high energy x-ray photons.
Higher precision and accuracy by minimisation of magnification errors is enabled by
narrow fan beam technology.
Bone mineral content (BMC) acquired by this technology was calculated using
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forearm software by drawing a region of interest around the induced damage.
5.3.3.4 Spectral photon-counting CT
MARS small-bore scanner (MARS-15 v5, MARS Bioimaging Ltd., Christchurch, New
Zealand) was used to scan the specimens and phantoms. The camera is made of seven
Medipix3RX chips and semiconductors that together make a camera array of seven by
one.
5.3.4 Laser Ablation Inductively Coupled Plasma Mass Spec-
trometry
To detect the concentration of calcium and strontium in the specimens we used Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (ICP-MS). ICP-MS (Agilent
7500 cs/ce Quadrupole ICP-MS, Dunedin, New Zealand) with dual hydrogen reac-
tion/helium collision cell allows detecting the elements after mass selection by a single
detector. The healing part of the right tibia was cut to 1-1.5 cm thickness, washed
with de-ionized water, air-dried, and stored. The samples from sheep (2, 4, 8 weeks)
were ablated using laser ablation micro-probe (Resonetics RESOlution M-50-LR ex-
cimer). The ablated material was transported from a cell in a carrier gas (Helium) to
an ICP-MS for quantification. The elemental analysis was done at 50 µm scale.
5.3.5 Phantom study using MARS SPCCT
The customised calibration phantom with different concentrations of calcium hydrox-
yapatite (54.3, 104.3, 211.7, 402.3, and 603.3.5 mg/cm3), along with water and oil was
scanned. The imaging protocol for scanning the calibration phantom and the specimens
was improved to achieve higher calcium and strontium differentiation.
5.3.6 The protocol setup in MARS SPCCT
The first step to scan the specimens using SPCCT is to design the application-specific
protocol. For this purpose, the theoretical analysis of the x-ray attenuation profile
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of the calcium and strontium was performed. Additionally, x-ray spectrum behaviour
of different kVps was simulated using an in-house x-ray simulation Anjomrouz et al.
(2018).
According to the theoretical analysis, the contrast enhancement between two materials
(calcium and strontium) is not practical in high energy bins. Therefore, a lower peak
tube voltage of 80 kVp was chosen. In addition, 1.9 mm Aluminium filtration was used
to further enhance the contrast between calcium and strontium by keeping low energy
photons. To enhance material differentiation energy thresholds were set at 15, 30, 40,
50 keV based on the initial theoretical assessment of the x-ray attenuation profile of the
materials (Figure 5.1 a) while getting enough statistics in each energy bins (Figure 5.1
b). The improved protocol is shown in Table 5.1.
Figure 5.1: Theoretical assessment of the calcium and strontium attenuation profile (physics.nist.gov).
Total attenuation profile calculated considering coherent scattering phenomenon. (a) Graph indicates
the differentiation of the two materials at low energy profiles. (b) X-ray spectrum profile simulation
at 80 kVp using 1.9 mm extrinsic aluminium filtration.
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Table 5.1: Image acquisition parameters for HA and strontium imaging. SDD and SOD are
source-to-detector and source-to-object distance, respectively.
Image acquisition parameters variables
x-ray filtration 1.8 mm Aluminium equivalent intrinsic , 1.9 mm Aluminium extrinsic
Tube current 29µA
Tube voltage 80 kVp
Exposure time 220 ms
Magnification 1.29 (272 mm SDD, 210 mm SOD)
Energy thresholds 15,30,40,50 keV
Projections over 360, flat field 720,720
5.3.7 Statistical analysis
To analyse the capability of SPCCT in differentiating HA and strontium concentra-
tions, a receiver operating characteristic (ROC) curve and histogram assessment were
used. Histograms of the linear attenuation of the materials have been acquired at each
energy thresholds for 10 slices; then the overlapping of the histograms was investigated.
the histogram analysis provides the sensitivity and specificity of the protocol to distin-
guish strontium and calcium. Those parameters were then used to plot the ROC curve
for pairwise comparison analysis. The different concentration of calcium and strontium
were analysed and the area under the ROC curve (AUC) were plotted to evaluate the
differentiation of the materials.
5.4 Experiments and results
5.4.1 Phantom study
The calibration phantom 5.3.5 was scanned with the acquisition parameters (Table 5.1).
Due to the lack of photon counts induced by 1.9 mm aluminium filtration (all photons
below 15 keV are filtered) the arbitration bin (7-15) was removed from further analysis.
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5.4.1.1 Results
Spectral analysis
Spectral response of the materials (calcium, strontium, water, and lipid) was studied
(Figure 5.2). The linearity between the different concentrations of the materials and
linear attenuation was investigated and the correlation coefficient was reported (Figure
5.3 a and 5.3 b).
Figure 5.2: Linear attenuation profile of different concentrations of calcium Hydroxyapatite (HA)
and strontium (strontium-ranelate). Energy bin five (50-80 keV) is showing an increased overlapping
between the lowest material concentrations.
The correlation coefficient in HA rods and strontium solutions are reported as an
excellent correlation and the p value indicates the significance of this correlation (Figure
5.3).
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Figure 5.3: The linearity relationship of the concentrations of the materials versus linear attenuation.
(a) Linearity of calcium HA. (b) Linearity of strontium-ranelate. The p value of the correlation
coefficient shows there is a significant correlation between linear attenuation and concentration.
Histogram analysis
Assessing the histogram of the linear attenuation of the materials helped to evaluate
the degree of the discrimination between the materials. The histogram shown in Figure
5.4 shows the linear attenuation of HA 54.3 mg/cm3 and 4 mg/ml of strontium (SR)
overlaps. At higher energy thresholds, overlapping between these materials increased
as expected based on the theoretical analysis (Figure 5.1 a). Figure 5.5 shows the
histogram overlapping of HA 104.3 mg/cm3 with strontium 10 mg/ml and HA 211.7
mg/cm3 with strontium 16 mg/ml; whereas the higher concentrations of HA (402.3,
603.3 mg/cm3) could be differentiated from strontium concentrations.
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Figure 5.4: Histogram plots for lower concentration of HA and strontium at (a) 15-30 keV, (b) 30-40
keV, and (c) 40-50 keV (d) 50-80 keV. These plots demonstrate that the differentiation of HA and
strontium is possible at lower energies.
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Figure 5.5: Histogram plots for different concentrations of HA and strontium. (a) HA 104.3 mg/cm3
and strontium 10 mg/ml at energy (30-40 keV). (b) HA 211.7 mg/cm3and strontium 16 mg/ml at
energy (30-40 keV), and (c) HA 603.3 mg/cm3 and strontium 16 mg/ml at energy (30-40 keV).
Receiver operating characteristic (ROC) curve
ROC curves were plotted for different concentrations of HA and strontium as shown
in Figure 5.6. The AUC indicated the decreased differentiation with increased energy
which supports the results in section (5.4.1.1).
99
Chapter 5. Assessment of the healing bone
Figure 5.6: ROC curve with the AUC results. (a) HA 54.3 mg/cm3 and strontium 4 mg/ml. (b) HA
104.3 mg/cm3 and strontium 12 mg/ml. (c) HA 211.7 mg/cm3, and strontium 16 mg/ml, and (d) HA
603.3 mg/cm3 and strontium 16 mg/ml.
5.4.2 MARS SPCCT material identification
To estimate the correctly identified voxels of the specific materials using an improved
protocol, mass attenuation values for each material (calcium, strontium, water, and
lipid) were calculated using an in-house software; and then the MARS material decom-
position algorithm (the least square method) was applied on the dataset. To calculate
the positively identified voxels within each specific material the in-house program was
used.
5.4.2.1 Results
The linear attenuation (LA) profile of each material with different concentrations is
shown in Figure 5.2. The LA profile of HA 54.3 mg/cm3 and strontium 4 mg/ml was
similar.
HA identification was calculated using HA rods as positive true condition and fat,
water, and strontium vials as negative true condition within 1184 voxels. The same
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procedure was conducted on the strontium vials. Then the average identification for
strontium and HA was calculated. The identification of each material are shown in
table 5.2, and 5.3. There was excellent identification of both HA and strontium vials
at greater concentrations, while the HA 54.3 mg/cm3 was completely identified as
strontium 4 mg/ml.
Table 5.2: The identification of the HA concentrations to strontium, fat, and water.
Concentrations (mg/cm3)
HA Strontium Fat Water
HA 602.3 100 0 0 0
HA 402.3 100 0 0 0
HA 211.7 90.86164 9.13836 0 0
HA 104.3 100 0 0 0
HA 54.3 0.02198 99.7498 0.0415 0.18672
Table 5.3: The identification of the strontium concentrations to HA, fat, and water.
Concentrations (mg/ml)
Strontium HA Fat Water
Strontium 4 69.91488 27.4117 1.29668 1.37674
Strontium 8 99.93406 0.06594 0 0
Strontium 10 99.85544 0.14456 0 0
Strontium 12 99.23862 0.18985 0 0.57153
Strontium 16 100 0 0 0
5.4.3 Animal Study
The sheep underwent the surgery as described in section 5.3.1. Four experimental
sheep were euthanased after 2, 4, 6, and 8 weeks post-surgery, whereas two control
sheep died after one week due to renal failure. After euthanasia, the parts of the
tibiae that received surgically induced damage were excised and then preserved in 10%
formalin at 4 ◦C for imaging. The amount of calcium and strontium in the damaged
area were measured using different methods.
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5.4.3.1 Strontium and calcium quantification
The strontium and calcium density (mg/cm3) were measured in the damaged area using
MARS SPCCT. The results were compared with ICP measurements of strontium and
calcium (ppm).
5.4.3.1.1 Results
ICP and MARS results in terms of strontium and calcium measurements within 1-1.5
mm thickness of the healing part of the right tibia are shown in the Table 5.4.
Table 5.4: Quantification of calcium and strontium using ICP and MARS.
Animal Subjects
ICP (ppm) MARS (mg/cm3)
Strontium Calcium Strontium Calcium
First treated sheep 1859 397200 0.012 0.44
Second treated sheep 1950 389865 0.019 0.40
Fourth treated sheep 2318 387902 0.020 0.36
The average concentration of materials measured within the newly formed bone in the
vicinity of the damaged area showed an increased strontium concentration, while the
concentration of the calcium decreased. This indicated that strontium was incorporated
into the crystal lattice of the calcium HA Querido et al. (2016). The sr/sr+ca ratio for
ICP results are 0.00465, 0.00497, and 0.00593 for the first, second, and fourth treated
sheep, respectively. The sr/sr+ca ratio for MARS results were 0.025, 0.045, and 0.052
for the first, second, and fourth treated sheep, respectively. The ICP results for the
part of the tibia which was not affected by damage are showing 0.002, 0.003 and 0.004
strontium relative concentration. This confirmed the presence of newly formed bone
during bone healing. Figure 5.7 shows the presence of the strontium in the damaged
area. Figure 5.7c shows a higher concentration of strontium away from the damaged
area this was due to truncation artefact.
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Figure 5.7: Volumetric 3D strontium and calcium maps of right tibia. Periosteal formation shows
uptake of strontium and the callus formation indicates bone healing and newly formed bone. (a) after
two weeks of treatment, (b) after four weeks of treatment, (c) after six weeks of treatment, and (d)
after eight weeks of treatment.
5.4.3.2 Quantification of bone mineral content (BMC)
The area for measuring the BMC in the vicinity of the damaged site is shown in Figure
5.17b for iDXA measurements. The ROI from the MD images, acquired from the
MARS scanner, was approximately 4.5-5 mm in length around the damaged site for
all specimens.
5.4.3.2.1 Results
Figure (5.8) shows the measurements acquired by spectral photon counting CT and
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iDXA. The trend of the BMC changes considering the standard deviation of the MARS
results was the same for both modalities. The BMC measurements for the right tibia
was less than for the left tibia, as the induced damage was located at the proximal site
compared to the left tibia damaged site.
Figure 5.8: The measurements of bone mineral content using spectral photon counting CT (MARS)
and iDXA. (a) Bone mineral content in the 5 mm distance of the damaged area in right tibia, (b)
Bone mineral content in the 4.5-5 mm distance of the damaged area in left tibia.
The linear regression was applied to the dataset and Pearson’s correlation was calcu-
lated (Figure 5.9). The correlation coefficient in the left tibia is 0.97, with the highest
significance level. However, the measurements of the right tibia showed a correlation
coefficient of 0.74 which was not significant.
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Figure 5.9: The correlation coefficient between MARS and iDXA measurements.
The results obtained from iDXA and SPCCT were compared with the Alkaline Phos-
phatase (ALP) level in the blood to monitor the bone formation process. Figure 5.10
indicates that the highest bone formation activity occurred 6 weeks post-surgery of the
surgically induced damage. The average results of BMC from left and right tibia using
two imaging modalities (iDXA and SPCCT) showed an increased BMC till six weeks,
followed by reduced BMC at eight weeks.
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Figure 5.10: BMC measured from the tibiae using SPCCT and iDXA illustrated the increased bone
formation till six weeks. The ALP results showed an increased level of alkaline phosphatase in the
blood samples of sheep till six weeks, followed by a reduction at eight weeks.
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Figure 5.11: Volumetric 3D calcium maps (a) after two weeks of treatment, (b) after four weeks of
treatment, (c) after six weeks of treatment, and (d) after eight weeks of treatment. The arrows show
the area of healing bone where the calcium density is increasing.
Measurements of the callus feature using SPCCT showed increased mineral density,
while the volume was decreasing by bridging into the cortical (Figure 5.12).
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Figure 5.12: The measured callus information using SPCCT.
5.4.3.3 Qualitative evaluation of images
The images acquired from all imaging modalities were compared qualitatively.
5.4.3.3.1 Results
Plain x-ray radiograph
Soft tissue haematoma, which is a response to induced damage can be monitored after
two weeks of surgery. The evidence of the formation of new bone can be identified four
weeks post-surgery as a periosteal reaction. There was no sign of endosteal reaction in
the hole site. After six weeks of surgery, a hard-callus had developed, and the callus
had bridged after eight weeks.
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Figure 5.13: Transverse damage healing monitoring of the induced damage using x-ray radio-
graphs. (a) The damaged area with no radiographic evidence of healing immediately after surgery
(week 0). (b) The healing process is observed by the formation of haematoma two weeks after
induced damage. (c) Radiograph after four weeks shows a damaged area healing around the hole
predominately by periosteal reaction (arrows). There is no sign of endosteal reaction around hole.
(d) The callus formation is visible around the damaged site six weeks after surgery (arrows). (e)
The bridging of the callus can be noticed eight weeks after induced damage.
Clinical CT
The images shown in Figure 5.14 were acquired from clinical CT at single energy mode.
After surgically inflicting damage, the response was observed within several days (less
than one week). After two weeks of surgery, a soft-tissue haematoma developed. A
periosteal reaction was noticed four weeks after surgery. The formation of fibrous and
lamellar bone was observed after six and eight weeks of induced damage, respectively.
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Figure 5.14: The monitoring of transverse damaged site healing process of the induced damage
using conventional CT. (a) The damaged site immediately after surgery (week 0). (b) The for-
mation of haematoma two weeks after induced damage is detectable. (c) Radiograph after four
weeks shows a damaged area healing around the hole predominately by periosteal reaction (ar-
rows). There is no sign of endosteal reaction around hole. (d) The callus formation is visible
around the damaged site after six weeks of surgery (arrows). (e) The bridging of the callus can
be noticed eight weeks after induced damage.
The images shown in Figure 5.15 were acquired from clinical CT at Gemstone spectral
imaging mode. The bone definition was decreased compared to the single energy mode
images. The acute response to the induced damage at 0 weeks was not visible at
Gemstone spectral imaging mode.
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Figure 5.15: The monitoring of transverse damage site healing process of the induced damage
using dual energy CT. (a) The damaged site immediately after surgery (week 0). (b) Damaged
site after two weeks of surgery. (c) Damaged site after four weeks of the surgery. (d) The damaged
site after six weeks of the surgery. (e) The damaged site after eight weeks of the surgery.
Spectral photon-counting CT
Spectral photon counting CT images demonstrated the soft tissue haematoma forma-
tion after several days of surgery (less than one week). The periosteal reaction was
observed after four weeks of the surgery. The fibrous bone and the bridging of the
callus were observed after six and eight weeks, respectively (Figure 5.16).
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Figure 5.16: The monitoring of transverse damaged area healing process of the induced damage
using SPCCT. (a) The damage site immediately after surgery (week 0). (b) Damaged site after
two weeks of surgery. (c) Damaged site after four weeks of the surgery. (d) The damaged site
after six weeks of the surgery, and (e) The damaged site after eight weeks of the surgery.
Comparison of the four imaging modalities used to evaluate the bone heal-
ing process
The border of the surgically induced hole was visible in all imaging modalities. The
cortical and trabecular bone differentiation was possible in all imaging modalities ex-
cept iDXA images. However, the trabecular pattern was not resolvable in clinical CT
images. There was a sign of bone fragment inside the induced hole at 0 weeks, which
was traceable using all imaging modalities. This could have been due to the drilling
of the bone. The GSI spectral imaging showed fewer bony details compared with
conventional CT and SPCCT images (Figure 5.17).
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Figure 5.17: Images of the control sheep. (a) Plain radiograph. (b) iDXA. (c) Conventional CT. (d)
GSI spectral imaging, and (e) Spectral photon counting CT.
The tissue inside the gap in the radiograph had a radiographic appearance like soft
tissue. The formation of the granulation tissue between the induced hole ends and
beyond the periosteal sites could have been traced in clinical CT and spectral photon
counting CT images. This feature was evidence of the damage healing. Visual assess-
ment of induced damaged area healing was not possible in the DXA images (Figure
5.18).
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Figure 5.18: Images of the sheep sample obtained after two weeks of induced hole. (a) Plain radio-
graph. (b) iDXA (c). Conventional CT. (d) GSI spectral imaging. (e) Spectral photon counting
CT.
Hard callus formation and its bridging could be monitored by clinical CT and SPCCT
images after four weeks of treatment. The bony structure could be seen advancing
towards the site of the gap. The decreased hole size was visible in all imaging modalities
(Figure 5.19).
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Figure 5.19: Images of the sheep sample obtained after four weeks of induced hole. (a) Plain ra-
diograph. (b) iDXA. (c) Conventional CT. (d) GSI spectral imaging. (e) Spectral photon counting
CT.
After six weeks of the surgery, radiographs showed pale damage site indicating the
healing of the gap. Clinical CT and SPCCT images showed thickening of the cortical
bone. Although the mesh of woven bone could be seen in clinical CT images by
tracing the attenuation changes, this pattern was much more distinct in SPCCT images.
Additionally, the line between the newly formed bone and the old cortical bone was
visible in the SPCCT images (Figure 5.20).
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Figure 5.20: Images of the sheep sample obtained after six weeks of induced hole. (a) Plain radiograph.
(b) iDXA. (c) Conventional CT. (d) GSI spectral imaging. (e) Spectral photon counting CT.
The lamellar bone could be observed in clinical CT and SPCCT images after eight
weeks. All images obtained eight weeks after surgery demonstrated periosteal bone
formation (Figure 5.21).
Figure 5.21: Images of the sheep sample obtained after eight weeks of induced hole. (a) Plain ra-





This study showed the capability of the MARS SPCCT to visualise bone healing during
different stages. The bone mineral density changes (considering strontium and calcium)
was tracked down within the damaged area. This information could help clinicians to
assess the effectiveness of the treatment plan. Additionally, material and structural
details provide insight into the process of healing bone. This could help to identify the
union fracture from non-union one, the presence of the infection in the fracture site,
and the newly formed bone.
Strontium is considered as a substitute for calcium in HA lattice during the bone forma-
tion Cooper et al. (2012). Strontium and calcium can be discriminated based on their
different attenuation profiles in the low energy of the x-ray spectrum (less than 60 keV).
Spectral photon-counting CT (SPCCT) uses photon counting detectors which operate
four energy bands in charge summing mode. The application of SPCCT has been
investigated in terms of contrast element imaging Lowe et al. (2018); Moghiseh et al.
(2016, 2018). The current study showed the possible application of SPCCT to map
the 3D deposition of strontium within excised tibia samples on the scale of mg/mL
during the bone healing process. The results from SPCCT, showed the decreased cal-
cium/strontium ratio in the healing part of the bone. These results correlate with the
data acquired from the healing bone part using ICP-MS as a reference standard. This
study provides a great value in terms of evaluating bone turnover without destroying
the sample (as opposed to ICP-MS). While SPCCT technology enables the 3D map-
ping of strontium within the healing bone, there are some limitations that should be
considered. The tube voltage was set to 80 kVp and the lower energy threshold was set
just above the K-edge of strontium. This low energy limits the penetration of the pho-
tons, especially in the highly attenuated area such as the human femur. To overcome
this issue, an increase in flux or exposure time may be needed. However, this would
be at the cost of an increased radiation dose.
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Additionally, this study investigated the image quality acquired from SPCCT and com-
pared it with other imaging modalities to detect the bone healing process. In terms of
the quantitative assessment, the overall bone mineral content was correlated with the
results acquired from iDXA around the damaged area.
Qualitative assessment of the images showed the capability of the x-ray radiograph,
clinical CT, and SPCCT to resolve trabecular from cortical bone. This criterion of-
fers the opportunity to evaluate the process of healing in cortical and trabecular bone
separately and simultaneously. The granulation tissue formation as a sign of starting
the healing process was traceable using clinical CT and SPCCT images. Four weeks
post-surgery, the decreased hole size is noticeable using all imaging modalities. Clinical
CT images and SPCCT can reveal the bony bridging between the gaps. The thickening
of the cortical bone is noticeable after six weeks, using clinical CT and SPCCT. As
attenuation changes, the newly formed bone can be distinguished from the old cortical
bone. Due to the smaller voxel size in SPCCT, the lines of the induced damage healing
part can be better defined than on clinical CT images.DXA images cannot resolve the
trabecular and cortical bone, therefore, the results from this imaging modality can only
represent the overall bone mineral content. In addition, the DXA images lack adequate
spatial resolution and do not provide information about the periosteal reaction or cal-
lus formation.
In the present study, the bone mineral content (BMC) was measured about 4.5-5 mm
around the hole using SPCCT, and iDXA. The BMC quantified from these two imaging
modalities showed an excellent correlation in the left tibia (distal). Whereas, the corre-
lation was moderate in the right tibia (proximal). SPCCT showed higher bone mineral
content six weeks after surgery in the proximal part like iDXA. This result corresponds
well with previously reported literature Chen et al. (2015). Alkaline-phosphate as a
result of bone formation indicator also showed the greater value in six weeks.
This study has some limitations that should be addressed. BMC acquired from SPCCT
and iDXA is not completely comparable as the different inherent properties of the two
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imaging modalities impose differences. That is, the iDXA measurements acquired in 2D
space and any overlapping object can produce overestimation or underestimation. The
evaluation of the treatment effect is not accurately addressed as two control sheep died
within one week. However, the bone healing process is well addressed by monitoring
the sheep at different time intervals.
5.6 Summary
• Monitoring of the treatment effect plays a crucial role to make a treatment plan
to increase the bone quality or the speed of the healing process.
• Strontium ranelate is one of the medications that can increase the amount of
bone mineral and bone formation in the body.
• Strontium should be separable from calcium in order to determine calcium con-
tent by imaging modalities.
• Strontium-ranelate is considered as a marker for bone turnover and as a medica-
tion for osteoporosis to increase the bone mineral content which holds the same
properties as calcium.
• SPCCT imaging offers the capability to monitor multiple materials simultane-
ously such as HA, water, lipid, strontium at spatial resolution at the micron
level.
• We performed a phantom study to test whether SPCCT can distinguish strontium
and calcium. Strontium and calcium showed great differentiation potential at
higher concentrations.
• We assessed the strontium uptake in the vicinity of the healing bone. MARS
SPCCT was able to visualise and quantify the amount of strontium in the dam-
aged site. These results were validated by ICP. MARS and ICP showed similar
trends in strontium uptake in the vicinity of the damaged site.
• Uptake of strontium in the damaged part increased as the treatment progressed.
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• Mapping of strontium by SPCCT can help to resolve many aspects of the debate
about strontium effect on BMC.
• Using low energy photons to visualize and quantify strontium was a major limi-
tation of this study. This will not be applicable in a clinical setting.
• The assessment of bone healing and bone turnover is of great value in clinical
settings.
• Currently there are some imaging modalities that offer the evaluation of bone
healing and turnover. But these modalities each have limitations. MARS SPCCT
provides a great way to assess bone healing, as it provides material-specific in-
formation with high spatial resolution images.
• SPCCT showed the capability of monitoring overall BMD. These results were
validated with iDXA as reference approach.
• In both MARS SPCCT and iDXA, the results showed the same trend of BMD
changes within a hole. The correlation coefficient in the left tibia is 0.97, with
the highest significance level.
• ALP results were compared with MARS and iDXA results. The results showed
that Bone formation was highest six weeks after surgery.
• Visualisation and quantification of bone healing and callus formation were pos-
sible using SPCCT at the early stages of the healing process.
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Quantitative assessment of the
brain
This study investigated the feasibility of enhancing grey matter (GM) and white matter
(WM) contrast using the energy resolving ability of photon counting detectors. The
series of phantom studies were performed by choosing a set of exposure properties
and scan geometry to enhance the contrast between lipid and water-like materials as
representative of WM and GM, respectively. Several excised sheep brains were then
scanned with the specific protocol. To assess the effect of beam hardening and metal
artefact on image quality, the protocol was set based on this specific application. Then
brain specimens were scanned by the skull and subdural grid electrodes. GM and WM
SNRs, Grey matter- white matter (GM-WM) linear attenuation (LA), and GM-WM
ratio were measured. To have a point of reference, the same specimens were scanned
on SPCCT and GE scanners operated in both single and dual-energy modes.
6.1 Significance
Different brain diseases can cause changes in brain structure and GM-WM density. For
example, cortical dysplasia and tuberous encephalitis are associated with thickening
of the cerebral cortex and blurring of the GM and WM interface, while Rasmussen’s
encephalitis can be characterized by chronic inflammation Huang et al. (2006). Thus,
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improving WM and GM differentiation, along with monitoring anatomical changes at
the high spatial resolution, can increase the specificity and sensitivity of the detection
of brain diseases. SPCCT improves soft tissue differentiation Taguchi and Iwanczyk
(2013); Pourmorteza et al. (2017); Aamir et al. (2014); Ronaldson et al. (2011). This
new imaging technology provides information about tissue density and composition in
the same scan at 70-150 micron spatial resolution.
6.2 Introduction
As part of this study, we focused on performing better GM-WM differentiation using
photon counting-based imaging techniques. Such a study could help to diagnose brain
abnormalities. For example, brain disorders that are mostly traceable through moni-
toring anatomical changes and density of the GM-WM.
Currently, imaging technologies have been through numerous advances, resulting in
significant improvement in image quality. The two most common methods of brain
imaging are magnetic resonance imaging (MRI) and computed tomography (CT). Groe-
nendaal and de Vries (2017). The inherent properties of the brain allow MRI to create
fat (WM) and water (GM) images. Additionally, MRI provides detailed structural
information of the brain that can be useful to detect brain shrinkage. Although MRI
provides excellent information about some brain disorders such as ischemic strokes
due to its ability to detect oedema and diffusion restriction, the strong magnetic field
makes it difficult to use in the acute setting Chalela et al. (2007). Besides, MRI is an
expensive imaging modality and placing it in emergency departments is not practical.
Another disadvantage of MRI is its limitation in locating electrodes in the vicinity of
brain due to image distortion generated by the metal Kremer et al. (2019). Lee et al.
(2010) compared the potential of MRI to detect the position of electrodes and showed
the deviation in the estimation of the position of the electrode.
Brain-CT remains a useful imaging modality in terms of evaluating acute brain traumas
by detecting it in a short time Pourmorteza et al. (2017); Hesselink et al. (1988), cost,
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and ready availability in acute settings. Although the CT imaging technique acquired
remarkable advances in terms of brain imaging, there are several factors that can cause
considerable limitations to the use of this technique. First, the patient will be exposed
to the radiation dose which could introduce side effects on the brain Kovalchuk and
Kolb (2017). Second, albeit this imaging technique is suitable for excluding acute hem-
orrhagic strokes, CT suffers from low contrast between the different types of soft tissues
Wang et al. (2008); Descamps et al. (2014). This lack of distinction between GM-WM
makes the study of brain disorders difficult in some cases. For example, cerebral is-
chemia, makes GM hypo-attenuating so the contrast between GM-WM decreases even
more than what is considered normal. Lastly, as CT images are affected by the tube
voltage and surrounding anatomy densities, the measurements in the voxels may not
show actual values Willemink et al. (2018). Additionally, the beam hardening created
by the skull, and the metal in the case of brain electrodes, can affect the quality of the
CT images and cause further degradation of the GM-WM discrimination Nagayama
et al. (2020).
The use of energy-integrating detectors is prominent in clinical CT scanners.The prin-
ciple of these detectors was explained in section 1.4. The integrated energy information
is not capable of differentiation of the materials when the characteristics of the materi-
als resemble each other McCollough et al. (2015). Hence, the need for modalities with
tissue differentiation capabilities has increased in recent decades. In the clinical field,
dual-energy CT systems have been introduced for tissue characterization (Section1.4).
These imaging systems can differentiate two materials simultaneously and identify ma-
terials when there is a large difference in their atomic numbers McCollough et al. (2015).
Photon counting detectors offer the capability of differentiation of several materials
simultaneously based on their specific response to x-ray. These characteristics of the
novel CT modalities which utilize photon counting detectors can offer novel clinical
applications Moghiseh et al. (2018); Panta et al. (2018); Lowe et al. (2018). The prin-
ciple of this technology was described in section 1.4. Measuring the energy and the
count rate of individual photons in photon counting detectors leads to increased photon
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count statistics and improved image quality. Also, unlike conventional CT detectors,
low energy photons will be weighed equally as high energy photons Pourmorteza et al.
(2017). This feature enables increased soft-tissue contrast as the better differentiation
of water-like and fat-like (adipose) matter occurs in low energies below 40 keV (Figure
6.1).
Figure 6.1: Attenuation profile of soft tissues (water and fat representing Grey Matter and White
Matter, respectively) based on NIST data set.
In the light of the evidence supporting the capability of the photon counting detectors
in differentiating soft tissues and its high spatial resolution Pourmorteza et al. (2017);
Aamir et al. (2014); Taguchi and Iwanczyk (2013); Ronaldson et al. (2011), we aimed
to study the contrast between GM-WM using SPCCT.
6.3 Materials
6.3.1 Phantom and ex-vivo study
To mimic bone, GM, and WM, we used a custom-made phantom including differ-
ent concentrations of HA rods (54.4, 211.7, 808.5, and 1179.3 mg/cm3; fabricated
and calibrated by the Quality Assurance in Radiology and Medicine, QRM GmbH,
Moehrendorf, Germany), water, and oil vials embedded in polymethyl methacrylate.
To evaluate the extension of the metal artefact , some subdural grid electrodes (elec-
trode contacts: Platinum-iridium (90/10), substrate: silicone; supplied by CorTec)
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were placed on a uniform cylindrical PMMA phantom (27 mm diameter). To assess
the image quality, the slices unaffected by the artefact were considered as reference
and compared with the slices affected by the artefact. In an ex-vivo animal study,
two excised sheep brains (approximate diameter of 50 mm, Lincoln University, New
Zealand) were scanned with the MARS scanner and GE scanner, with and without skull
and electrodes. Each specimen was placed on the sample holder (polypropylene-like
material) and scanned over its full length.
Figure 6.2: The excised brain sample placed on homogeneous low attenuating material
6.3.2 Data acquisition
6.3.2.1 Spectral photon counting CT
MARS small-bore scanner was used to scan the animal subjects and phantoms (MARS-
10, MARS Bioimaging Ltd., New Zealand). The camera is made of seven Medipix3RX
chips and semiconductors that together make a camera array of 7 by 1.
To set the scan protocol the theoretical attenuation profile of the materials was as-
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sessed (Figure 6.1). To examine the characteristics of the x-ray source spectrum using
different filtration, an in-house x-ray simulation was used Anjomrouz et al. (2018) (Fig-
ure 6.3). After assessing the theoretical results the protocol set-up was done based on
different aims.
The first goal was to assess the capability of the SPCCT to differentiate the water
(GM-like) and lipid (WM-like) vials. The theoretical assessment revealed increased
contrast between soft tissue was more likely to occur at low photon energies (Figure
6.1) Anjomrouz et al. (2018). Whereas, the attenuation profile of soft tissues in high
energies resembled each other, thus, would be harder to discriminate. Additionally, to
enhance soft-tissue contrast, it was favourable to have the peak and the mean of the
x-ray spectrum in the lower energy range. Hence, we used 80 kVp to shift the mean
energy of the spectrum towards low energy photons. The energy thresholds were set for
the counters at 20, 35, 45 and 55 keV; resulting in five narrow energy bins (7-20, 20-35,
35-45, 45-55, and 55-80 keV). Then the images were reconstructed in three energy bins
(7-35, 35-45, 45-80).




The images of two excised sheep brains were acquired from a CT (Discovery CT750
HD, GE medical systems, USA), operating on both single- and dual-energy CT modes.
Conventional CT images were obtained at helical mode at 120 kVp at 0.625 mm slice
thickness. Exposure time and x-ray tube current were set to 1460 ms and 300 mA,
respectively. The focal spot size of the anode in this system is 0.70 mm. Gemstone
spectral imaging (dual-energy) uses a single x-ray source with fast kVp switching be-
tween 70 and 140 kVp at intervals of 0.25 ms. The low and high energy x-ray spectra
are generated at 0.625 mm slice thickness. Exposure time and x-ray tube current were
set to 912 ms and 630 mA, respectively, and the focal spot size was 1.2 mm. Virtual
monochromatic dual-energy CT images at 70 kVp were generated from projection space
data to increase the contrast between soft tissues.
6.3.3 Quantitative images analysis
For each protocol, the spectral linear attenuation response and SNR in different ma-
terials were studied to reveal the contrast between soft tissues in the SPCCT dataset.
The energy images were subjected to ROC curve assessment. In terms of material dif-
ferentiation based on their linear attenuation response, these analyses helped evaluate
the protocol’s specificity and sensitivity.
For each protocol, the MARS material decomposition algorithm was applied. Using
an in-house material identification program, the percentage of materials detected in
each vial was calculated. SNRs for GM and WM within brain images were calculated
by dividing the mean value by the standard deviation of ROIs within 50 slices. We
evaluated the beam hardening effect using all imaging modalities.
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6.4 Experiments and results
6.4.1 Phantom study
As a primary step, the calibration phantom was scanned with no additional extrinsic
filtration. This increased the mean count at the low energy range Anjomrouz et al.
(2018). The ability of the SPCCT system to differentiate between GM and WM was
assessed. The calibration phantom consisting of water and lipid vials with the scan
protocol mentioned in section 6.3.2.1 was analysed.
The second goal was to image the brain with the skull and electrode. Therefore, in
the phantom study the external filtration was added in the protocol assessment. Tak-
ing into consideration the effects of beam hardening and with the goal to improve
soft-tissue contrast, two x-ray filtrations were tested: 0.375 mm brass and 1.9 mm
aluminium. The same energy bins (7-45, 45-55, 55-65, 65-75, and 75-118 keV) were
used, however, the tube current and exposure time were adjusted to achieve equivalent
count rates for both protocols. The energy thresholds were selected to increase soft
tissue differentiation, based on the theoretical assessment (Figure 6.1) while achieving
a sufficient photon count rate/statistics in each bin (Figure 6.3).
6.4.1.1 Results
Histogram and ROC curve analysis
The histogram profile of water and lipid showed the distinction of the materials’ atten-
uation profile (Figure 6.4). The AUC showed an excellent distinction between water
and lipid.
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Figure 6.4: (a) The histogram of attenuation profile (LA) of water and lipid using 80 kVp with no
extrinsic filtration. (b) The ROC curve shows area under curve for water and lipid differentiation in
three energy bins.
The SNR in each vial was calculated on this protocol set-up (Table 6.1).
Table 6.1: Image quality and linear attenuation values in three energy bins for lipid and water
vials.)
Extrinsic filtration 7-35keV 35-45keV 45-80keV
Lipid SNR No 9.70± 0.02 9.55± 0.01 9.15± 0.01
Water SNR No 10.62± 0 10.25± 0 9.80± 0
Lipid HU No -329.89± 7.12 -224.31± 5.57 -157.02± 6.05
Water HU No -12.3± 8.97 -3.87± 6.45 -3.15± 7.07
Lipid-Water contrast (HU) No 317.59 220.43 153.87
The calibration phantom analysis was performed to assess the outcome of the protocol
to image the brain with electrodes and a skull. The linear attenuation values for each
energy bin in water and lipid vials between aluminium and brass filtration in the same
ROIs within 50 slices across the z-axis (length of the phantom 15 mm) were compared.
The histogram of two materials showed increased overlapping between the attenuation
profile of water and lipid by using brass filtration (Figure 6.5). ROC curve analysis
also showed excellent differentiation values for lipid and water while using aluminium
filtration (Figure 6.5), especially in the first energy bin correlating with the theoretical
analysis.
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Figure 6.5: (a,b) Histogram of linear attenuation of water and lipid materials using brass and alu-
minium filtration. (c,d) ROC curve analysis showing area under curve in terms of material’s differen-
tiation using brass and aluminium filtration respectively.
Spectral and material analysis
The attenuation profile of high concentration materials in the low energies using alu-
minium filtration is higher than brass filtration because of counting low energies above
15 keV and increasing the number of photons. After analysing the Hounsfield unit
(HU) of the materials (Figure 6.6), the applied MARS material decomposition algo-
rithm showed better water-lipid identification using aluminium filtration. The results
showed 100 percentage lipid identification within the lipid vials and 97.42 percentage
in the water channel (Figure 6.7).
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Figure 6.6: The attenuation profile (HU) of HA (800, 200, and 50 mg/cm3), water and lipid using
aluminium and brass filtration..
Figure 6.7: (a,b) The percentage of lipid-water identification using aluminium and brass filtration,
respectively
Additionally, in the first energy bin the SNR for lipid and water vials using aluminium
filtration was 7.8, and 8.27, respectively. Whereas the measured SNR for lipid and
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water vials using brass filtration was 7.12, and 7.44, respectively. This indicates the
better signal quality in the vials was with using aluminium filtration compared with
brass filtration (Table 6.2).
Table 6.2: Image quality comparison between Brass filtration and Aluminium filtration for
lipid (surrogate for white matter), and water (surrogate for grey matter).
Image quality Filtration 7-45keV 45-55keV 55-65keV 65-75keV 75-120 keV
Lipid SNR Aluminium 7.8± 0.01 7.7± 0.01 7.6± 0 7.7± 0.01 7.8± 0.01
Lipid SNR Brass 7.1± 0 7.3± 0 7.4 ± 0 7.4± 0 7.6± 0
Water SNR Aluminium 8.2±0.01 7.9± 0 7.9± 0 8.1± 0 8± 0
Water SNR Brass 7.4± 0.01 7.7± 0.01 7.7± 0.01 7.8± 0.01 8± 0.01
Lipid-Water contrast (LA) Aluminium 0.04 0.02 0.02 0.01 0.01
Lipid-Water contrast (LA) Brass 0.04 0.02 0.02 0.01 0.01
6.4.2 Ex-Vivo study
6.4.2.1 GM and WM differentiation
Following testing the protocol on a phantom to evaluate the effects of filtration on
biological samples, an excised sheep sample was scanned using 1.9 mm aluminium
filtration and no extrinsic filtration. Two sheep excised specimens were used for this
procedure.
6.4.2.1.1 Results
The first specimen was scanned without external filtration and then 1.9 mm aluminium
filtration was added for the second scan. The second specimen was scanned with 1.9
mm aluminium filtration and then open filtration was selected for the second scan
(Table 6.3). This procedure ruled out the possibility of the drying of the sample
during scanning affecting the results.
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Table 6.3: Attenuation values of GM-WM using no external filtration and with 1.9 mm alu-
minium external filtration, the values are the mean and standard deviation of the mean.
Spectral photon-counting CT E1 (LA) Spectral photon-counting CT E1 (LA)
with 1.9 mm Aluminum external filtration Without external filtration
Cerebrum
GM 0.31± 0.03 0.37± 0.005
WM 0.27± 0.009 0.33± 0.006
GM/WM 1.16 1.11
Cerebellum
GM 0.31± 0.002 0.36± 0.005
WM 0.27± 0.005 0.33± 0.004
GM/WM 1.16 1.08
After assessing the results provided by 1.9 Aluminum filtration the next step was to
scan the excised sheep brains using SPCCT, conventional and dual-energy CT (Figure
6.8).
Figure 6.8: Example of (a) Spectral Photon-counting CT (SPCCT). (b) Conventional CT. (c) Dual-
energy CT images of sheep brain specimen in the sagittal plane.
Attenuation values of WM and GM, as well as GM/WM ratio in the cerebellum and
cerebrum, are reported in Table 6.4.
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Table 6.4: Attenuation values of GM-WM. GM-WM ratio at each ROIs in different imaging
modalities, the values are the mean and standard deviation of the mean.)
Spectral photon-counting CT E1 (LA) Conventional CT(HU) Dual-energy CT (HU)
Cerebrum
GM 0.31± 0.03 41.94± 1.38 34.54± 2.29
WM 0.27± 0.009 34.26± 2.4 21.039± 1.86
GM/WM 1.16 1.007 1.013
Cerebellum
GM 0.31± 0.002 44.91± 1.52 37.80± 2.72
WM 0.27± 0.005 32.53± 1.7 23.57± 2.39
GM/WM 1.16 1.011 1.013
Comparing results in specimens shows GM/WM contrast ratio in the cerebrum (1.16),
(1.007), and (1.013) for spectral photon-counting CT, conventional CT and dual-energy
CT, respectively. To make comparable results the GM/WM ratio both in conventional
and dual-energy CT was calculated based on the linear attenuation ratio values (Equa-
tion 6.1, 6.2). Where µGM , µWM indicates the linear attenuation of GM and WM,
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Figure 6.9: Spectral photon counting CT scan illustrating. (a) 3D rendering, (b,c,d) Sagittal, axial,
and coronal plane of excised sheep brain. The colour-bar indicates the linear attenuation in the first
energy bin (7-35 keV).
6.4.2.2 Assessing the effect of beam hardening and metal artefact on the
image quality
To eliminate the impact of the low energy photons and prevent the beam hardening
effect in MARS CT aluminium filtration was used with 120 kVp. Images were recon-
structed in five energy bins. To assess the impact of the artefact on the white matter,
the affected and unaffected regions were compared (Figure 6.10).
6.4.2.2.1 Results
The percentage difference between the measurements using SPCCT was 22.58, 21.62,
22.22, 17.39, and 9.52% for energy one, two, three, four and five, respectively. The per-
centage difference in the above-mentioned areas in conventional CT and dual-energy
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CT measured 14.25, and 13.10, respectively.
Figure 6.10: Example of subdural electrode on excised brain. (a) Spectral photon counting CT
(SPCCT). (b) Conventional CT. (c) Dual-energy CT images of the sheep brain specimen in the
coronal plane.
Table 6.5: Attenuation values of Grey- matter.White-matter, GM-WM contrast at each ROIs
in different imaging modalities.
Spectral photon-counting CT (LA.E1) Conventional CT (HU) Dual-energy CT(HU)
Cerebrum (with electrodes)
GM 0.23± 0.02 216.32± 26.60 194.33± 55.97
WM 0.19± 0.007 103.36± 11.56 84.30± 12.06
Cerebrum (without electrodes)
GM 0.21± 0.006 45.91± 6.2 37.45± 1.08
WM 0.19± 0.008 33.73± 4.35 27.15± 1.9
Cerebellum (without electrodes)
GM 0.21± 0.003 43.95± 1.92 36.51± 1.3
WM 0.19± 0.005 31.72± 2.56 24.83± 1.9
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Figure 6.11: Example of subdural grid electrode on excised brain using SPCCT. (a) 3D images of brain
along with electrode. (b) 3D images of the subdural brain electrode . (c) Subdural brain electrode.
Table 6.6: Attenuation values of GM-WM, GM-WM contrast at each ROIs with different
imaging modalities.
Spectral photon-counting CT (LA.E1) Conventional CT (HU) Dual-energy CT(HU)
Cerebrum (with skull and electrodes)
GM 0.23± 0.01 360.62± 111.86 238.10± 54.39
WM 0.19± 0.004 151.32± 23.32 84.77± 9.01
Cerebrum (without skull and electrodes)
GM 0.21± 0.009 45.70± 2.2 39.62± 1.38
WM 0.18± 0.008 34.46± 2.8 27.04± 1.1
Cerebellum (without skull and electrodes)
GM 0.19± 0.006 42.58± 1.11 35.83± 1.4
WM 0.18± 0.004 29.87± 1.67 23.45± 4.53
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Figure 6.12: Example of subdural grid electrode on excised brain and skull using SPCCT. (a) 3D
images of brain along with electrode and skull. (b) Electrode visualisation just behind skull.
Figure 6.13: Imaging of sheep head along with subdural grid electrode (a) 3D images of sheep head
along with electrode. (b) 3D images of skull along with electrode.
6.4.2.3 Assessing the extension of artefact
To assess the extension of the artefact a homogeneous PMMA along with electrode




The results showed that induced artefact by the electrode was extending approximately
1.77 mm (the average of all energies), and 3.84 mm and 3.62 mm for SPCCT, conven-
tional and dual-energy CT, respectively.
Figure 6.14: The extension of metal artefact caused by depth electrodes (a) Conventional CT, (b)
Dual-energy CT, (c) Spectral photon counting CT.
6.5 Discussion
Spectral photon counting CT is a novel CT scanning which can differentiate multiple
materials at high spatial resolution. These features motivated an interest in visualising
the brain anatomy and structure. Brain disorders could impact the structure and the
material properties of the brain, therefore imaging modalities are of great importance
to detect any abnormalities. MARS SPCCT could help overcome the limitations of the
other brain imaging modalities discussed in section 6.2. This is because of its ability to
provide high spatial resolution images (chapter 2), to decrease beam hardening effect
Rajendran et al. (2014), to provide material-specific images (chapters 2, 4, 5). In this
study, the GM-WM ratio increased 15.19%, 14.51% for spectral photon counting CT
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in the first energy compared with conventional CT and dual-energy CT, in cerebrum,
respectively. The GM-WM ratio using 1.9 mm aluminium filtration was measured
1.16, 1.16, 1.12, 1.11 ,and 1.10 for the first, second, third, fourth and fifth energy,
respectively. This demonstrates that even in the last energy range the differentiation
of GM-WM improved for SPCCT about 9.24% and 8.59% compared with conventional
CT and dual-energy CT respectively.
The proper and accurate visualisation and localisation of the depth electrodes play an
important role in the interpretation and ensuring the correct electrode position van
Rooijen et al. (2013); Kremer et al. (2019). Assessing the impact of the beam hard-
ening created by the skull and metal artefact created by the depth electrodes showed
higher SNR in the vicinity of the implant for SPCCT. The SNR in WM in the presence
of the electrode showed 9.07 (considering the average of all energies), 5.15, and 5.52
for SPCCT, conventional CT and dual-energy CT, respectively. This demonstrates the
increased possibility of acquiring a signal in the vicinity of the highly attenuated elec-
trode using SPCCT. The percentage difference in the GM attenuation using SPCCT
between the area affected by metal artefact and non-affected area was decreased by
increasing the energy threshold.
To position the depth electrode in the appropriate location, the assessment of the ex-
tension of the induced artefact and visualisation of the contact points are of great
importance. A phantom study was conducted in which the depth electrode was at-
tached to a homogeneous PMMA phantom. The actual size of the contact points was
affected by the metal artefact using all imaging modalities. The measured diameter of
the contact points mounted in the walls of the electrode was 0.12 mm, 0.19 mm, and
0.19 mm for SPCCT, conventional CT and dual-energy CT, whereas the actual size was
measured 0.1 mm. These results showed a greater overestimation of the contacts points
using conventional and dual-energy compared with SPCCT. The contact points of the
electrodes depicted hyper-dense signals using all imaging modalities mentioned in this
study. On SPCCT, the extension of the artefact measured 1.79 mm distance between
the proximal to the electrode and distal limit of the electrode. On conventional and
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dual-energy images the measured distance was 3.84 mm, and 3.62 mm, respectively.
This might suggest that metal artefact is less of an issue in SPCCT images compared
to conventional and dual-energy CT images.
6.6 Summary
• GM-WM differentiation plays an important role to assess brain-related diseases.
• The capability of the SPCCT imaging to utilise low-energy photons and high
energy photons at the same time enables the research in the field of brain imaging.
• SPCCT imaging was shown to be a suitable imaging modality to reduce the beam
hardening artefact.
• SPCCT showed promising results in terms of GM-WM differentiation and visual-
isation of subdural grid electrodes. The contrast between GM-WM was assessed
using conventional CT operated in dual- and single-energy mode. The differenti-
ation of GM-WM improved for SPCCT about 9.24% compared with conventional
CT operated in single energy mode.
• SPCCT offered detailed visualisation of the brain anatomy, structure along with
reduced artefact caused by subdural grid electrode and skull.
• By assessing the brain in conjunction with the skull, clinicians will be able to
detect many brain disorders involving the changes within the skull and brain.
• SPCCT demonstrated the capability to assess the actual size of the electrode
and the border between the electrode and the brain which is important in the
positioning of the electrode. This shows the capability of the MARS scanner to





This chapter provides a summary of the research discussed in this thesis, suggestions
for future work, and a conclusion of the research.
7.1 Summary
Chapter 1 explained the significance of this research, current clinical imaging gaps,
and a brief description of MARS SPCCT and its advantages over current imaging tech-
nology.
Chapter 2 reported the outcome of routine QC testing on MARS SPCCT, investi-
gated the reliability of the scanner and investigated the effect of different parameters
on image quality. The findings in this chapter helped us to improve the image quality;
therefore the scanning of biological specimens could be commissioned knowing that the
results are reproducible.
Chapter 3 described the process of designing new methodologies to segment bone
compartments. MARS SPCCT images provide images with sufficient spatial resolu-
tion for the segmentation of trabecular and cortical bone. The reproducibility and
reliability of the established methodologies were determined. This study also led to
the development of a bone analysis tool that has been integrated into MARS visuali-
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sation software for morphological quantification. In future, when large sets of clinical
data are available these methodologies could accelerate the time of analysing bone fea-
tures. This study could also be expanded by future studies to add more morphological
parameters to assess the trabecular bone morphology.
Chapter 4 investigated the capability of MARS SPCCT to analyse bone features. The
effect of freezing on the assessment of bone properties (mineral density, macrostruc-
ture and microstructure) was investigated. To assess if soft tissue thickness impacts
the quantification of BMD, a phantom study with different soft tissue thicknesses was
carried out. This chapter also investigated the capability of MARS SPCCT to quan-
tify bone loss ex-vivo during the decalcification process. Finally, the translation from
pre-clinical research to clinical application was shown. Further studies could analyse
the relationship between the thickness of soft tissue and quantification of BMD and
could focus on tracing bone changes in the clinic using SPCCT.
Chapter 5 demonstrated the clinical potential of MARS SPCCT in quantifying bone
healing ex-vivo. The bone mineral content measured by MARS SPCCT was compared
with iDXA. The images acquired from different imaging techniques were compared in
terms of visualisation of bone healing. Additionally, the capability of MARS SPCCT to
differentiate calcium and strontium was assessed. The study of strontium was limited
by the sample size and could not be applied at the clinical level, as the low energy
photons were used. The results demonstrated the potential pre-clinical application of
MARS SPCCT to assess the strontium treatment effect.
Chapter 6 described the process of optimising a protocol for ex-vivo differentiating
GM-WM and imaging bone-electrode-brain interface. The assessment of the effect of
metal-induced artefacts, due to the presence of electrodes, and beam hardening, due to
the skull, on GM and WM was performed. The results illustrated the potential clinical




• The results in this study demonstrated the capability of the MARS SPCCT
system to track bone changes. Different bone diseases and bone fractures could
change bone mineral density and morphology. Therefore, there is a huge demand
for imaging techniques that could provide comprehensive information about bone.
The results presented in chapter 5, and 4 showed that MARS SPCCT is capable
of not only monitoring BMD changes but also bone morphological changes. High
spatial resolution images along with material-specific images could help clinicians
to detect the abnormalities in different bone implications such as non-uniform
healing, osteoporosis and could help to predict fracture risk.
• The study was done on this research in chapter 5 aimed to visualise the presence
of strontium in newly developed bone. This study also aimed to assess the impact
of treatment on bone healing. The achievements in this study showed that MARS
SPCCT can differentiate the strontium and calcium in higher concentrations. The
complications of this study were as follows: firstly, strontium K-edge is less than
the clinical x-ray imaging level, therefore in this study low energy photons were
employed. This research showed that the imaging of strontium in-vivo will not be
possible considering the sample size limitation and dose on a patient. Secondly,
the control sheep died in the first week. Therefore, the study of the effectiveness
of the treatment was not possible. However, the results shown in this study
illustrated the promising results for pre-clinical research. The non-invasive pre-
clinical study of strontium effect on new bone formation could be done by MARS
SPCCT. This will increase the understanding of the effect of strontium-ranelate
to treat osteoporosis.
• The results in this study demonstrated the capability of MARS SPCCT system to
differentiate GM-WM and to visualise subdural grid electrodes. The brain con-
sists of GM and WM. Any changes in these structures and anatomy could impact
brain functionality. MARS SPCCT provides high spatial resolution images which
could help us to analyse the brain structure. Intracranial electroencephalography
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(iEEG) plays an important role in terms of localizing seizure focus, preventing re-
section of critical brain areas, providing information to develop neural prostheses.
Therefore, imaging of subdural electrodes could benefit brain research.
7.3 Future work
SPCCT is a groundbreaking new imaging modality. This technology enables clinicians
to benefit from the full potential of x-ray imaging. MARS Bioimaging (funded by the
Government of New Zealand) is one of the world’s leading imaging companies that
brings the photon counting CT technology into the clinic.
Currently, MARS Bioimaging is the only company in the world with a commercially
available human translatable small-bore spectral CT for laboratory research. More
recently, MARS Bioimaging produced a specialist wrist scanner designed to be sited
at acute care clinics for investigative purposes (approval no: 18/STH/221 from the
NZ Ministry of Health (MoH), Health and Disability Ethics Committee). The present
study is directly relevant to initial human trials conducted by large-bore MARS SPCCT
system; without the pre-clinical research the development of software, hardware and
scanning procedures would not be possible.
The following section describes the proposed research for future students, the possible
advances in the MARS SPCCT system and software, the proposed research for the
clinical imaging field. These researches could ultimately lead to improved clinical
diagnosis and patient outcomes.
• The proposed research for future students:
1. Integration of Quality Assurance (QA) procedures into the system’s GUI.
Prescribe the QA series for the spatial and energy resolution, low contrast
detectability, noise, uniformity test, material differentiation. Determine a
schedule of testing appropriate for the system, allowable variation for the
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indicated parameters. This will facilitate the assurance of the stability of
the scanners when the MARS scanners are presented in the clinic.
2. Assessing the feasibility of MARS SPCCT to monitor the changes within
water and lipid components. Further study could focus on the application
of MARS SPCCT systems to measure lipid and water changes in different
clinical complications. The study could focus on the changes of bone marrow
during osteoporosis, diagnosing chronic and acute skeletal inflammation,
differentiating malignant lesions versus normal bone.
3. Assessing bone health after fracture and monitor the bone properties changes
after clinical intervention. Metal artefact reduction using MARS SPCCT
was shown in chapter 6, and the study done by Rajeswari Amma (2020).
Also, the results proved the capability of MARS SPCCT to visualise bone
healing (Chapter 5). The fracture healing process can be monitored in-vivo
using MARS SPCCT.
4. Evaluating the limitation of MARS SPCCT to track the mineral density,
water, and lipid changes. This study could help us to understand that in
which stage of disease we will be able to detect disease using MARS SPCCT
systems.
5. Evaluating of MARS SPCCT systems to monitor GM-WM changes. Batten
disease is considered as one of the brain diseases which can change the bone
anatomy and structure. Further study can be done on the utility of MARS
SPCCT scanner to detect this disease in early stages by pinpointing the
subtle changes.
• The proposed research for the MARS team:
1. The new generation of Medipix (Medipix4) with more energy bins in charge
summing mode can be integrated into MARS systems. Therefore, user-
defined energy threshold optimisation will no longer be required. Medipix4
enable bigger objects to be scanned because they are 4-side abutted (can
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make bigger arrays) and will be five to 10 times faster, improving scan
speeds.
2. Integration of Timepix detectors into MARS systems and investigate the
clinical application of these detectors compared with Medipix detectors. The
Timepix detectors could help to derive full spectroscopic information from a
photon that impinges the detector. The full description of Timepix detectors
is introduced in several studies Ballabriga et al. (2018); Procz et al. (2019).
3. Integration of phase-contrast technique in MARS scanners. This technique
employs the phase changes of the x-ray beam. This technique will enable to
increase the contrast for soft tissue Romell et al. (2018).
4. Integration of artificial intelligence (AI) into MARS systems. AI could be
used to decrease the analysis time, to diagnose the disease, to increase the
specificity of the diagnosis.
5. Developing the material decomposition algorithm which can be used on the
raw images rather than current post-reconstructed images. The artefacts
presented in the reconstructed images can severely affect the quality of the
material decomposed images which will obscure the visualisation and quan-
tification of detailed structures or metal-tissue interface.
6. Developing new material decomposition algorithms to increase the differenti-
ation of different soft tissues. This will help to visualise tendon, muscle, and
ligaments which also will help us to evaluate bone health comprehensively
at the clinical level.
7. Integrating more structural analyses tool into MARS vision, such as area/volume
fraction, surface fraction, and ellipsoid factor to analyse plate/rod geometry
in trabecular structure. This will allow the study of trabecular changes at
different stages of disease when the MARS scanners are clinically used in
hospital settings.
The Proposed research for the field of clinical imaging:
The studies have shown that the life expectancy is increasing Boccardi (2019). The
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number of elder people all around the world is expected to double by 2050 Nations
(2017). Therefore, age-related diseases such as Alzheimer, osteoporosis, cardiovascular
disease are increasing, leaving a huge economic burden on society.
• Currently, there are no clinical imaging modalities that can provide compre-
hensive bone feature information (Chapter 4). The need for a clinical imaging
modality that can produce BMD and morphological features of bone is increasing.
Moving towards the clinical translation of tracking bone changes using SPCCT
could help us evaluate bone health. People presenting to the clinic with different
stages of bone health could be scanned by the point-of-care MARS SPCCT. This
will enable the development of a scoring sheet that determines bone health using
MARS SPCCT. Consequently, this scoring sheet will help us to detect osteoporo-
sis in the stages of the disease and determine the possibility of future fractures.
This will help clinicians personalise the treatment plan and ultimately improve
patient outcomes.
• Point-of-care MARS scanners could be used with targeted nanoparticles to detect
abnormalities in different body parts. For example, targeting amyloid plaques to
prevent the progress of Alzheimer disease by using a MARS system, specifically
developed for brain imaging. The prevention of Alzheimer not only could decrease
the social care costs by the governments, but also increase the quality of life of
the person.
• Many elderly people suffer from multiple diseases simultaneously. Therefore,
the need for imaging modalities that could help accurate detection is increasing.
The multi-modal imaging technique not only could improve the accuracy of the
detection of specific diseases, but also could help to detect different diseases
simultaneously. Integrating of MARS system with other imaging modalities such




The assessment of MARS SPCCTs showed the reproducible outcome; these results en-
couraged us to design the experiments to show the capability of this technology to track
bone changes and assess the effect of different parameters on the evaluation of bone
health. MARS SPCCT showed promising results in terms of monitoring the changes
within bone tissues’ structure, mineral content and tracking the bone healing process.
These results could prove the potential usage of MARS SPCCT to detect osteoporosis,
monitor the effectiveness of the treatment and hence prevent fracture before it happens.
Pre-clinical research in this thesis provided the information which showed the capabil-
ity of the technology in bone-related imaging. The MARS human and point-of-care
scanners use the same principle as the pre-clinical scanner. Hence, the research applied
to biological samples in small-bore scanners is translatable to human imaging. The
study of the brain using MARS SPCCT led to promising results. Compared to clin-
ical single- and dual-energy CTs, the MARS SPCCT system demonstrated a reduced
effect of beam hardening caused by the skull and metal artefacts caused by subdural
electrodes on GM-WM imaging. The high spatial resolution, material-specific maps
and the reduced metal artefact effect of MARS SPCCT could provide clinicians with
the opportunity to assess bone-related diseases.
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